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ABSTRACT
Biochemical and physiological mechanisms of profenofos resistance in laboratory 
and field populations of the tobacco budworm, Heliothis virescens (F.) were studied. 
High frequencies of profenofos resistance were recorded in all field-collected strains and 
were strongly correlated with esterase (EST) activity and moderately correlated with 
glutathione S-transferase activity. Mean levels of acetylcholinesterase (AChE) sensitivity 
to inhibition by chlorpyrifos oxon were lower in some field strains than levels in an 
insecticide-susceptible strain; however, AChE sensitivity and resistance were poorly 
correlated in all field strains. There was no correlation between resistance and the 
activities of P450-monooxygenase or glutathione 5-transferase measured.
Studies with laboratory-selected insects provided further evidence for the 
involvement of EST activity and AChE insensitivity in OP resistance. Activities of ESTs 
were higher in both laboratory-selected and field-collected larvae than that in the 
susceptible LSU strain. In electrophoretic gels, quantitative and qualitative variations 
were observed in banding patterns of ESTs toward a  and P naphthyl acetates. A unique 
band (designated as A’) was observed in all resistant larvae but none in the LSU 
individuals examined. The appearance of this band in resistant larvae coincided with 
decreased expression of a second band (designated as A). This pattern of overexpression 
of the A’ band and underexpression of the A band also was observed in larvae collected 
from different sites. In a filter paper "squash assay", differences were observed in the 
intensity of color developed between susceptible and resistant strain insects, using 
individual, second stadium larvae. Further, insensitivity and decreased AChE activity 
were observed in laboratory-selected and field-collected larvae.
Finally, inheritance studies suggest that resistance is polygenic and sex-linked in 
laboratory-resistant strains. In addition, LD5 0  values for the parents and FI progeny 
suggests that resistance was incompletely dominant in both crosses. However, 
inheritance of EST activity appeared to be incompletely recessive. Although mean levels
vii
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of sensitivity of AChE were similar among the parental and FI progeny of reciprocal 
crosses, differences in the inheritance of AChE activity suggest sex linkage.
viii
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INTRODUCTION
The tobacco budworm. Heliothis virescens (F.). is a destructive insect pest that 
causes significant economic damage to a wide range of field and horticultural crops 
(Sparks, 1981). The Heliothis complex, which consists of the cotton bollworm, 
Helicoverpa zea (Boddie) and H. virescens. has been responsible for more damage to 
U. S. cotton than any other pest in 13 of the past 18 years (Williams, 1997a). During 
1996 alone, this pest complex infested 77% of all U. S. cotton resulting in 291 million 
dollars in total agricultural losses and costs of control (Williams, 1997b). Because of 
its lower susceptibility to insecticides, H. virescens has been the predominant pest in 
cotton in the midsouth and is the target of the majority of insecticide applications to 
cotton in Louisiana (Leonard et al., 1988; Williams, 1997b). Multiple and cross 
resistance to insecticides in H. virescens further contribute to problems in controlling 
this pest.
History of Insecticide Resistance in H. virescens
Resistance to all known classes of insecticides has been reported in field 
populations of H. virescens (Sparks. 1981; Sparks et al., 1993). Resistance to DDT 
and toxaphene in this insect was documented in the late 1950s and early 1960s in 
several cotton producing regions of the U. S. (Graves et al., 1963; Lingren and Bryan, 
1965). Subsequently, these insecticides were replaced by organophosphorus (OP) and 
carbamate compounds, to which resistance developed rapidly (Harris, 1972; Graves 
and Clower, 1975; Wolfenbarger and McGarr, 1970). During a period of widespread 
control failures of OPs and carbamates, highly efficacious pyrethroids were introduced 
for commercial use in 1978 (Herzog and Ottens, 1982; Martinez-Carrillo and Reynolds, 
1983).
1
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In many cases, high levels of OP resistance were accompanied by cross 
resistance to pyrethroids in H. virescens (Crowder et al., 1984; Twine and Reynolds, 
1980). A year after pyrethroids were substituted for OPs, resistance to methyl 
parathion was high (260-fold) in many cotton fields of South Carolina and was stable 
(over 10 generations) in the laboratory (Brown et al., 1982). The same study also 
documented cross-resistance to thiopropyl OP insecticides such as sulprofos (2-to 6 - 
fold) and profenofos (14-fold), as well as the pyrethroid, permethrin (10-fold), even 
though these insecticides had not been used previously. Recent widespread monitoring 
reveals that frequencies of resistance to both OPs and pyrethroids are gradually 
increasing throughout the midsouth (Graves et al., 1994; Kanga and Plapp, 1994; 
Williams, 1997a). Significant levels of resistance to profenofos (2- to 8 -fold) and 
cypermethrin (2- to 41-fold) were reported in field-collected larvae from Louisiana, 
Mississippi, and Texas (Martin et al., 1995). In Louisiana, high levels of resistance to 
cypermethrin (19-fold), profenofos (12-fold) and sulprofos (5-fold) were measured, 
and resistance to cypermethrin and thiodicarb were found to be stable for 1 2  generations 
in the absence of selection pressure (Elzen et al., 1994). Larvae of H. virescens 
collected from wild velvet leaf in Winnsboro, LA expressed 58-fold resistance to 
thiodicarb and 16-fold to cypermethrin (Zhao et al., 1996).
Extremely high levels of resistance (and cross resistance) to insecticides with 
different modes of action are expressed in laboratory-selected H. virescens. Methomyl- 
selected H. virescens expressed very high levels of resistance (41,000-65.000-fold) 
(Roush and Wolfenbarger, 1985). Thiodicarb-selected H. virescens (from Hebert, LA) 
were resistant to thiodicarb (> 150-fold) as well as cross-resistant to cypermethrin (91- 
fold) (Rose et al., 1995). Similarly, another strain of thiodicarb-selected H. virescens 
(from Winnsboro, LA) also expressed resistance to profenofos (60-fold), cypermethrin 
(173-fold), methyl parathion (7.6-fold) and azinphosmethyl (39-fold) (Zhao et al.,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
31996). Results of studies from both field-monitoring and laboratory-selection suggest 
mechanisms of resistance to OP and other insecticides are similar.
Resistance Mechanisms
Identification of biochemical and physiological mechanisms associated with 
resistance is essential to maximize the likelihood of success of insecticide resistance 
management (IRM) programs (Bull and Menn, 1990) and to develop diagnostic 
methods. Insects become resistant to insecticides either by modifying the effective dose 
of the pesticide available at the target site or by modifying the target itself (ffrench- 
Constant et al., 1997). Such factors include reduced cuticular penetration, increased 
metabolic detoxication and altered sites of action (Oppenoorth, 1985). All three factors 
have been shown to contribute for insecticide resistance in H. virescens (Sparks et al.,
1993).
Reduced cuticular penetration: Reduced rate of penetration has been shown to be 
a resistance mechanism in a number of insects since the early 1960s, but remains poorly 
understood (Oppenoorth, 1985; Scott, 1990). Decreased cuticular penetration provides 
protection from a wide variety of insecticides at the level of insect cuticle. Compared to 
other mechanisms of resistance, reduced penetration is the least significant as a single 
resistance mechanism as it confers very low levels of resistance. However, its effect is 
significant when expressed in conjunction with detoxication factors and/or with an 
altered target site.
Although decreased penetration of insecticides has been demonstrated in 
resistant H. virescens. it is not possible to establish a consistent relationship between 
resistance and this mechanism. In the case of DDT-resistant H. virescens. cuticular 
protein and lipid content were found to be higher with a greater degree of sclerotization 
than the laboratory-susceptible insects (Vinson and Law, 1971). A similar comparative 
study showed that malathion, endrin, DDT, and carbaryl were all absorbed more slowly
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4and reached lower levels in OP-resistant than -susceptible H. virescens (Szeicz et al..
1973). Recently, decreased cuticular penetration of profenofos (Kanga and Plapp.
1994), and cypermethrin (Ottea et al., 1995) in field-collected H. virescens has been 
documented but considered as a supplementary factor of resistance. In contrast, 
Whitten and Bull (1978) detected no differences in the cuticular penetration of methyl 
parathion between resistant and susceptible strains of H. virescens.
Reduced target site sensitivity: Insecticide resistance also results from 
alterations in the target site such that the sensitivity to insecticides is reduced (ffrench- 
Constant et al., 1997). Acetylcholinesterase (AChE), which is responsible for the 
hydrolysis of the neurotransmitter, acetylcholine in some insect synapses (Rockhold,
1997) is the target site of carbamate and OP insecticides. These insecticides interfere 
with synaptic transmission by inhibiting AChE (Eldefrawi, 1985). Intensive use of 
OP and carbamate insecticides has resulted in the appearance of resistant insects 
possessing AChEs that are less sensitive to these insecticides (Oppenoorth, 1985). 
Such reduced sensitivity of the target site also confers cross-resistance to the majority 
o f insecticide classes that target AChE. However, expression of altered AChE can 
only delay mortality in the absence of other resistance mechanisms (Abdel-Aal et al., 
1993).
Reduced sensitivity of AChE is known to be a major mechanism of resistance to 
OP insecticides in field populations of H. virescens. Bull (1981) observed slight (1.2- 
fold) reductions in AChE sensitivity to fenitrooxon in a resistant strain of H. virescens 
that rapidly detoxified methyl parathion and chlorpyrifos. In addition, AChE from 
larvae and adults of a methyl parathion-resistant strain of H. virescens was shown to be 
insensitive to methyl paraoxon (19- to 22-fold) (Brown, 1991) as well as structurally 
analogous OPs (Brown and Bryson, 1992). Later, Kanga and Plapp (1994) suggested 
that insensitivity of AChE could be the major mechanism of resistance in H. virescens
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5collected from Texas. However, Konno et al., (1989) found no differences in AChE 
sensitivity in a strain that was resistant to methyl parathion. In recent studies with H. 
virescens collected in Louisiana, contributions of reduced sensitivity of AChE to OP 
resistance has been considered minor compared to metabolic mechanisms (Ibrahim and 
Ottea, 1995; Zhao et al., 1996).
Enhanced metabolism: Metabolic detoxication is a major factor contributing to 
insecticide resistance. Insecticides are degraded by enzyme-catalyzed reactions that 
occur in microorganisms, plants and animals including insects (Schoknecht and Otto. 
1989). In insects, insecticides are detoxified after penetrating the cuticle but before 
binding to its target site by three groups of enzymes viz., cytochrome P450-dependent 
monooxygenases (P450MOs), esterases (ESTs), and glutathione-S-transferases 
(GSTs). These three groups of enzymes are characterized by a remarkable degree of 
nonspecificity, and all metabolize lipophilic substrates to products with increased water 
solubility (Oppenoorth. 1985). Numerous endogenous and exogenous compounds, 
such as steroids, bile acids, fatty acids, hydrocarbons, drugs, carcinogens and 
insecticides are known substrates of these three groups of enzymes. These enzymes 
may be more active in resistant insects as a result of either qualitative or quantitative 
changes (Oppenoorth, 1985).
P450-dependent monooxvgenases: Because of their widespread occurrence, reaction 
diversity and wide substrate specificity, P450MOs are one of the most important groups 
of metabolic enzymes (Schoknecht and Otto, 1989). They are membrane bound, 
predominantly in microsomal membranes, with higher specific activity found in smooth 
than rough endoplasmic reticulum. The oxidized cytochrome P450 binds both substrate 
and oxygen and undergoes a reduction-oxidation cycle, releasing oxidized substrate and 
water as products. Multiple forms of these enzymes have been documented that 
catalyze hydroxylations at both aromatic and aliphatic carbon atoms, epoxidation of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6double bonds, desulfuration of phosphorothionates. and oxidation of sulfides 
(Oppenoorth, 1985; Soderlund and Bloomquist, 1990).
In insects, P450MOs have been implicated as a major mechanism of resistance 
to all insecticide classes except the chlorinated cyclodienes (Schoknecht and Otto, 
1989). The functional multiplicity of the numerous forms of P450MOs is responsible 
for metabolic resistance and may confer cross-resistance to unrelated compounds 
because of the high degree of non-specificity of these enzymes. Evidence for P450MO- 
based metabolism in several insect species has been documented since the early 1960s 
(Hodgson, 1983; Agosin, 1985; Scott, 1993). The ability of compounds containing 
methylenedioxyphenyl and other groups (propynyl ethers and imidazoles) to inhibit 
microsomal oxidation has been widely used as an indicator of the role of P450MO in 
resistance (Brown et al., 1996).
Enhanced expression of P450MOs is a major mechanism of insecticide 
resistance in H. virescens. Detoxication of DDT (Vinson and Brazzel, 1966), OPs and 
carbamates (Brown, 1981; Bull, 1981), and pyrethroids (Nicholson and Miller, 1985; 
Dowd et al., 1987; McCaffery et al., 1991; Ottea et al., 1995) by P450MOs has been 
shown to play an important role in resistant H. virescens. Increased detoxication of 
chlorpyrifos and its dimethyl homologue, chlorpyrifosmethyl by these enzymes was 
suggested as the primary cause of OP resistance in H. virescens (Whitten and Bull,
1974). In a study with aldrin, Gould and Hodgson (1980) observed no difference in 
the activities of P450MOs between OP-susceptible and -resistant insects. A more 
extensive study on methyl parathion resistance in H. virescens showed that the 
P450MOs activity responsible for activation of methyl parathion to methyl paraoxon 
was lower in a resistant strain compared to susceptible insects (Konno et al., 1989). 
Recently, elevated levels of P450MOs were measured toward a model substrate in field 
populations of H. virescens. but were not associated with cypermethrin resistance
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7(Kirby et al., 1994; Ibrahim and Ottea, 1995). In contrast, P450MO activities in mass 
homogenates of thiodicarb-selected H. virescens were suggested to be responsible for 
cross-resistance between carbamates, OP and pyrethroids (Zhao et al., 1996). 
Glutathione-S-transferases: Glutathione-S-transferases play an important role in the 
metabolism of xenobiotics and insecticides by conjugation with endogenous glutathione 
(Dauterman, 1985). These enzymes catalyze conversion of reactive lipophilic molecules 
into water soluble, non-reactive conjugates that may be excreted, after further 
processing if necessary. Like P450MO, GSTs exist in multiple forms, whose absolute 
number and substrate specificities are largely unknown (Clark, 1989).
Glutathione-S-transferases are extremely important in the metabolism of and 
resistance to OP insecticides (Oppenoorth et al., 1977; 1979; Clark, 1989). 
Conjugation of OP insecticides occurs by alkylation of the thiol group with the 
tripeptide, glutathione, and results in cleavage of the ester bond (Schoknecht and Otto,
1989). Activities of GSTs in H. virescens have been implicated as one of the 
biochemical mechanisms that might contribute to insecticide resistance but direct 
evidence is lacking. Elevated activities of GST were measured using the non-insecticide 
(model) substrates, l-chloro-2,4-dinitrobenzene (CDNB) and l,2-dichloro-4- 
nitrobenzene (DCNB) in fat body homogenates of field-collected H. virescens from 
Texas and Louisiana (Kirby et al., 1994; Ibrahim and Ottea, 1995). Although 
profenofos resistance in the latter study was moderately correlated with activities of 
GST, no association was observed with cypermethrin resistance. Similarly, studies 
with thiodicarb-selected H. virescens indicate a possible association between GST 
activities and resistance to thiodicarb, as well as cross-resistance to profenofos and 
cypermethrin (Rose et al., 1995; Zhao et al., 1996). However, in other studies, no 
differences were measured between activities of GSTs toward DCNB (Gould and
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8Hodgson, 1980) and methyl parathion (Konno et al., 1989) in OP-resistant and 
-susceptible strains.
Esterases: Esterases (ESTs) are hydrolases with a wide substrate specificity and are 
associated with metabolism of endogenous substrates as well as xenobiotics with ester 
or anhydride bonds (Schoknecht and Otto, 1989). Generally, ESTs split ester- 
containing compounds by the addition of water to yield an alcohol and an acid. They 
are present in a variety of tissues in multiple forms and are divided into two classes 
(Aldridge, 1953). The A-type ESTs (e.g., arylesterases) hydrolyze uncharged esters 
and are not inhibited in a progressive reaction by OP compounds and other acylating 
inhibitors, whereas B-type ESTs (e.g., AChE) are inhibited by OP compounds.
Esterases play a significant role in the detoxication of OP, carbamate and 
pyrethroid insecticides (Dauterman, 1985). Esterases also may serve as an alternative 
site of acylation for OPs and carbamates, thereby protecting AChE from inhibition by 
these insecticides. Elevated levels of EST have been measured in nearly 30 OP-resistant 
pest species (Abdel-Aal et al., 1993). In contrast, negative correlations were found 
between a-naphthyl acetate (a-NA) activity and resistance in at least half a dozen pest 
species. This was explained as the loss of catalytic ability of the enzyme to hydrolyze 
the model substrate when it has mutated to a form that can hydrolyze insecticides (van 
Asperen and Oppenoorth, 1959). In addition to hydrolyzing ester bonds, multiple 
forms of EST also may confer cross-resistance by non-specific sequesteration of a large 
proportion of the toxic dose of OP, pyrethroid and carbamate insecticide (Devonshire 
and Moores, 1982).
Elevated levels of EST activities measured in insecticide-resistant heliothines 
using models substrates and radiolabeled insecticides clearly indicate a role of ester 
hydrolysis in insecticide resistance. Dowd et al., (1987) observed both qualitative and 
quantitative differences in EST activity using radiolabeled permethrin and a-NA
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phosphorotriester hydrolysis was found to be responsible for methyl parathion 
resistance in H. virescens (Konno et al., 1989; 1990). Recently, high EST activities 
toward a-NA measured in mass homogenates from thiodicarb-selected H. virescens 
were suggested to play an important role in cross-resistance among carbamate, OP and 
pyrethroid insecticides (Goh et al., 1995; Zhao et al., 1996). Pyrethroid-resistant 
Helicoverpa armigera also expressed enhanced EST activities due to increased 
production of this enzyme (Gunning et al., 1996).
Insecticide Resistance Management 
Knowledge of biochemical and physiological mechanisms associated with 
insecticide resistance is essential to develop rational and informed strategies for effective 
management of insecticide resistance (Soderlund and Bloomquist, 1990). For example, 
if expression of target site insensitivity is detected (generally extended to all the 
chemicals attacking same target site), this can be overcome by exploiting insecticides 
attacking a different site of action. Similarly, if metabolic mechanisms are expressed, 
resistance can be overcome by using specific enzyme inhibitors (synergists) along with 
the insecticide. The IRM strategies devised in the midsouth for H. virescens are based 
on avoiding target site resistance to insecticides and recommend microbials (Bt) and 
carbamates (ovicides) for the early season, pyrethroids for midseason, and OPs for the 
late season such that consecutive generations of insects are not exposed to chemical 
classes having the same mode of action (Bagwell et al., 1997). Potential for success of 
this rotation strategy is based on the assumption that metabolism plays a secondary role 
in resistance and metabolic cross-resistance does not develop between OPs and 
pyrethroids (Leonard et al., 1994a). However, there is considerable evidence to 
suggest that cross-resistance occurs between OPs and pyrethroids (Gaughan et al., 
1980; Brown et al., 1982; Leonard et al., 1988; Leonard et al., 1994b), although the
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nature of the enzymes involved and their contribution toward insecticide resistance have 
not been studied.
Temporal and spatial variations occur in the expression of resistance 
mechanisms and resistance frequencies in natural pest populations (Ottea et al., 1995), 
and hence, rapid diagnostic methods for the detection of resistance are needed for 
effective IRM. Traditionally, measurement of susceptibility (e.g., LD5 0S or LDgos) are 
compared between field-collected and reference susceptible populations. However, 
such comparisons require large number of insects (ffrench-Constant and Roush, 1990). 
and are insensitive to small changes in resistance frequencies, which might be expected 
when resistance is first appearing in natural populations. Diagnostic tests with a fixed 
(discriminating or diagnostic) dose are more efficient in detecting low frequencies of 
resistant individuals (ffrench-Constant and Roush, 1990). For example, adult vial 
bioassays, which are based on concentrations that discriminate between susceptible and 
resistant individuals (Plapp et al., 1987), are rapid and offer valuable information about 
the presence and distribution of resistance (Sparks et al., 1993). However, a 
shortcoming of these tests is that they fail to provide information about the underlying 
resistance mechanisms. Thus, resistance is detected but countermeasures cannot be 
rationally implemented.
Bioassays with insecticide synergists have been used extensively to provide 
rapid, preliminary information about possible mechanisms of resistance (Matsmura, 
1985). Martin et al. (1995) observed synergism of profenofos and cypermethrin 
toxicity with piperonyl butoxide (PBO) indicating a possible role of P450MO in 
profenofos and cypermethrin resistance in some field-collected H. virescens. In other 
field strains, they also observed decreased mortality (i.e., antagonism) when PBO was 
used with profenofos suggesting inhibition of P450MO activity required for 
bioactivation of profenofos. In contrast, neither synergism nor antagonism of
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profenofos toxicity was observed in H. virescens collected from Texas cotton fields 
(Kanga and Plapp, 1994).
Biochemical assays play an increasingly important role in IRM by providing 
insight into the nature of resistance mechanisms expressed in field populations of pest 
insects (Devonshire, 1987). Quantitative biochemical assays based on 
spectrophotometry have been developed to measure the activities of metabolic enzymes 
toward non-insecticide (model) substrates (Brown and Brogdon, 1987). By using 
single insects, these biochemical assays are not only rapid, inexpensive and effective 
tools, but can detect the development and spread of resistance mechanisms while at low 
frequencies in field populations (Soderlund and Bloomquist, 1990). However, results 
from such assays are inconclusive unless simultaneous bioassays provide evidence that 
the enzyme activity detected is consistently correlated with resistance (Brown and 
Brogdon, 1987; Ibrahim and Ottea, 1995).
Although bioassays with synergists and biochemical assays using model 
substrates have potential utility for the detection of resistance mechanisms, results from 
such studies need to be interpreted with caution (Brown and Brogdon, 1987; Ibrahim 
and Ottea, 1995). Since all metabolic enzymes exist in multiple forms with different 
affinities for both substrates and inhibitors (Schoknecht and Otto, 1989), a single 
synergist (e.g., PBO) may not inhibit the enzyme responsible for resistance (ffrench- 
Constant and Roush, 1990). Therefore, absence of synergism cannot be considered as 
proof for absence of a particular metabolic mechanism. Similarly, since many forms of 
enzymes may metabolize these substrates, the total activity detected in assays with 
model substrates may not be due to enzymes responsible for insecticide detoxication 
(Devonshire, 1989). For example, EST activity measured with a-NA was significantly 
different between insecticide-susceptible and -resistant aphids, Mvzus persicae (Sulz.); 
however, the difference was insignificant with a different model substrate, a -
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naphthylbutyrate. Despite these shortcomings, if a relationship between resistance and 
enzyme activity toward colorimetric substrates can be established, these assays can be 
modified for rapid detection of metabolic resistance in field situations (Devonshire,
1989). An objective of my research was to evaluate the utility of model substrates for 
P450MOs, GSTs, and ESTs as markers of metabolic resistance in H. virescens. In 
addition, a colorimetric assay was used to evaluate the role of target site sensitivity to 
resistance in these insects.
Results from biochemical studies, including those with model substrates, may 
serve as a foundation for the development of field kits to diagnose rapidly the presence 
of metabolic resistance in natural populations of insects. Considering the history and 
potential for resistance development in H. virescens. these kits would provide growers 
with input into decisions regarding insecticide use when resistance is present. Thus, 
knowing what resistance mechanism is being expressed would allow growers to avoid 
use of insecticides that are not only ineffective, but that also increase selection for 
resistance. A second objective of my research was to develop a rapid and cost effective 
method to monitor metabolic resistance to profenofos in field populations of H. 
virescens.
Since insecticide resistance is a genetic phenomenon, the number of genes 
associated with resistance and degree of dominance of resistance alleles affect the rate of 
development, spread and stability of resistant genes in populations (Roush and Daly,
1990). Despite extensive work in dipterans, little is known about factors influencing 
stability of OP resistance in lepidopterans. A final objective of my study was to assess 
the dynamics of mechanisms of resistance to profenofos in H. virescens during the 
cotton growing season. In addition, the mode of inheritance of these mechanisms was 
determined.
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Specific Objectives
1. To validate the use of model (non-insecticide) substrates as indicators of metabolic 
and target site resistance mechanisms in laboratory and field-collected strains of H. 
virescens
* measure frequencies of resistance to profenofos in laboratory and field- 
collected strains of H. virescens
* measure the activities of detoxifying enzymes (P450MOs, GSTs and ESTs) 
toward model substrates in laboratory and field-collected strains of H. virescens 
and compare activities to frequencies of resistance
* determine the sensitivity of AChE to inhibition by chlorpyrifos oxon in 
laboratory and field-collected strains of H. virescens and compare with 
frequencies of resistance.
2. To develop rapid and cost effective methods to monitor profenofos resistance 
mechanisms in field populations of H. virescens
* establish correlation between EST activity and profenofos resistance
* identify resistance-associated esterases by polyacrylamide gel electrophoresis
* develop a "squash assay" for field detection of esterase-associated resistance
3. To assess the seasonal dynamics, stability and mode of inheritance of resistance 
mechanisms to profenofos in H. virescens.
* measure resistance mechanisms in H. virescens collected throughout the 
cotton growing season
* measure stability of resistance mechanisms in the absence of insecticide 
selection
* measure resistance mechanisms in reciprocal crosses between OP-resistant and 
susceptible insects.
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CHAPTER 1
TOXICOLOGICAL SIGNIFICANCE OF ENZYME ACTIVITIES IN 
PROFENOFOS-RESISTANT TOBACCO BUDWORMS, 
H ELIOTHIS VIRESCENS ( F.)
Introduction
The tobacco budworm, Heliothis virescens CF.1. is a destructive insect pest that 
causes significant economic damage to a wide range of field and horticultural crops 
(Sparks, 1981). During the 1995 growing season, H. virescens together with the com 
earworm, Helicoverpa zea (Boddie). infested nearly 82% of all U. S. cotton, causing 
36% of all insect-related losses to this crop (Williams, 1996). H. virescens has 
emerged as the predominant pest of cotton in the midsouth (Sparks, 1981) and is the 
target of the majority of insecticide applications to cotton in Louisiana (Williams, 1996).
Development of insecticide resistance by the tobacco budworm is a recurring 
problem in the cotton agroecosystem (Sparks, 1981; Wolfenbarger et al, 1981; Sparks 
et al., 1993). Resistance to DDT and toxaphene in this insect was reported in the late 
1950s and early 1960s in many of the cotton-producing regions of the U. S. (Graves et 
al, 1963; Lingren and Bryan, 1965; Lowry, 1966). Subsequently, these insecticides 
were replaced by organophosphorus (OP) and carbamate compounds, to which 
resistance developed within a few years of their introduction (Wolfenbarger and 
McGarr, 1970; Harris, 1972; Graves and Clower, 1975). Following field control 
failures of OPs and carbamates, the highly efficacious pyrethroids were introduced for 
field use in 1978 (Herzog and Ottens, 1982; Martinez-Carrillo and Reynolds, 1983), 
and existing levels of OP resistance stabilized but were accompanied in many cases by 
cross-resistance to pyrethroids (Twine and Reynolds, 1980; Crowder et al., 1984).
Insecticide resistance may result from reduced cuticular penetration, increased 
detoxication, and/or altered sites of action (Oppenoorth, 1985). All three factors have
20
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been shown to contribute to OP resistance in tobacco budworms (Sparks et al.. 1993: 
Kanga and Plapp, 1994; Goh et al., 1995). Recently, altered sensitivity of AChE 
together with reduced cuticuiar penetration have been suggested to be the major 
mechanisms o f resistance to OPs and carbamates in H. virescens (Brown, 1991; Brown 
and Bryson, 1992; Kanga and Plapp, 1994; Brown et al., 1996; Wolfenbarger, 1996). 
Metabolic detoxication of chlorpyrifos and its dimethyl homologue was shown to be 
primarily by P450 monooxygenases (P450-MOs; EC 1.14.14.1) (Whitten and Bull, 
1974). Glutathione 5-transferases (GSTs; EC 2.5.1.18), which have a well- 
documented role in OP metabolism and resistance (Whitten and Bull, 1974; Oppenoorth 
et al., 1977; 1979; Clark, 1989), were found to be involved in the metabolism of 
chlorpyrifos (Whitten and Bull, 1974) and methyl parathion (Whitten and Bull, 1978).
Rapid colorimetric microassays for measuring activities of enzymes associated 
with detoxication of OP insecticides may offer valuable insight regarding resistance 
mechanisms expressed and identification of resistant genotypes (Brown and Brogdon, 
1987, ffrench-Constant and Roush, 1990). Activity of P450-MO toward p-nitroanisole 
(PNA) in midgut preparations of OP-resistant tobacco budworms was greater than that 
of susceptible insects (Reed, 1974). However, Gould and Hodgson (1980) found no 
differences in P450-MO activity between OP-susceptible and -resistant strains of this 
insect.
The objective of this study was to measure activities of enzymes associated with 
insecticide detoxication in laboratory and field populations of H. virescens. Results 
from this study show that activities of esterases (ESTs) (but not P450-MOs) were 
highly correlated with frequencies of profenofos resistance. In addition, sensitivity of 
AChE to inhibition by chlorpyrifos oxon and high GST activity toward l-chloro-2,4- 
dinitrobenzene (CDNB) also were found to be associated with profenofos resistance, 
although correlations were dependent upon location of field collection.
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Materials and Methods 
Chemicals: Technical grade profenofos (0-(4-bromo-2-chlorophenyl)-0-ethyI-5- 
propyl phosphorothioate: 89%; NOVARTIS, Greensboro, NC) and chlorpyrifos oxon 
(0,(9-diethyl-O-(3,5,6-trichloro-2-pyridinyl) phosphate: 100%; DowElanco Inc.. 
Indianapolis, IN) were donated by respective manufacturers. Reduced glutathione 
(GSH), gIucose-6 -phosphate, gIucose-6 -phosphate dehydrogenase, bovine serum 
albumin (fraction 5), nicotinamide adenine dinucleotide phosphate (NADP), PNA, 
acetylthiocholine iodide (ATChI), 5,5’-dithio-6/.s(2-nitrobenzoic acid) (DTNB). and a- 
naphthyl acetate (a-NA) were purchased from Sigma Chemical Company (St. Louis, 
MO). Phenylthiourea (PTU), l,2-dichIoro-4-nitrobenzene (DCNB), CDNB, Fast Blue 
B salt, trichloroacetic acid (TCA), and potassium chloride (KC1) were purchased from 
Aldrich Chemical Company (Milwaukee, WI). Glycerol (USP grade) was purchased 
from EM Science (Gibbstown, NJ).
Insects: Three insect collections were made from unsprayed plots at the Louisiana 
State University Agricultural Center's Northeast Research Station/Macon Ridge location 
(MRS; Winnsboro, LA). Eggs and neonates were collected from a domesticated stand 
of velvet leaf, Abutilon theophrasti Medicus. on June 13, 1995 (MRS Jun) and from 
mature cotton on August 23, 1995 (MRS Aug). Adults were collected from Dallas 
grass, Paspalum dilatatum Poir., on September 14, 1995 (MRS Sep). An additional 
collection of eggs and neonates was made at the Red River (RR) Research Station 
(Bossier City, LA) on August 23, 1995 (RR Aug) from a field treated with four 
applications of cypermethrin and one application each of thiodicarb, acephate, and 
sulprofos. Portions of cotton leaves containing eggs were collected and transported to 
the laboratory in styrofoam coolers containing ice and placed in 1 -oz cups containing a 
pinto bean-based semi-synthetic diet (Leonard et al., 1988). Field-collected larvae were 
identified as H. virescens based on the presence of spinose cuticle and chalazas 1 and 2
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on abdominal segments 1 , 2 , and 8  and a molar area on the oral surface of the mandible 
(Oliver and Chapin, 1981). Larvae were separated following head capsule slippage at 
the end of the fourth stadium and fifth stadium (day I) insects weighing (180+20 mg) 
were selected for biological and biochemical assays. Adults were reared in 3.8-1 
cardboard cartons covered with cotton gauze as a substrate for oviposition and provided 
with sucrose (10% in water) as a carbohydrate source. Both larvae and adults were 
held at 27°C, 70% relative humidity, and a 14:10 hr (Iightrdark) photoperiod.
Results from biological and biochemical assays with field-collected strains were 
compared with those from two laboratory strains. The LSU-S strain is a reference 
susceptible strain that was established from field collections from cotton in 1977 
(Leonard et al., 1988) and has been reared in the laboratory without intentional 
exposure to insecticides. An OP-resistant strain (OP-R) was established from the F3 
generation of the RR Aug strain by selecting larvae with a diagnostic dose of profenofos 
(15.3 p.g/larva; equivalent to 10X the LD5 0  of the LSU-S strain) for one generation. 
Biological Assays: Susceptibility of H.. virescens to profenofos was assessed
following topical application of 1 pi of profenofos (in acetone) to the thoracic dorsum of 
larvae. The dose-mortality response of LSU-S larvae was measured with five doses of 
profenofos (10 larvae per dose) and replicated thrice. Treated larvae were held in 1-oz 
cups with diet and maintained at 27°C, 70% relative humidity, and a photoperiod of 
14:10 (light:dark) hr. Absence of coordinated movement of a treated larva within 30 s 
after being prodded with a pencil was the criterion for mortality, which was recorded 72 
hr after treatment. Control mortality did not exceed 3% and was corrected using 
Abbott's formula (Abbott, 1925). Data were subjected to probit analysis (Finney, 
1971) using a microcomputer-based program (SAS, 1985). Frequency of resistance to 
profenofos in field-collected strains was assessed 72 hr following topical application of 
15.3 (Xg profenofos/larva.
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Tissue Preparation: Tissues from individual larvae were used to measure activities 
o f P450-MO (midgut), AChE (head), and GST or EST (fat body). Individual larvae 
were weighed, decapitated, and dissected. Individual midguts were split longitudinally, 
rinsed with ice-cold buffer (0.1 M  sodium phosphate, pH 7.7) to remove gut contents, 
and transferred to an all-glass homogenizer. Fat bodies from individual larvae were 
obtained by gentle scraping and aspiration from the rinsed hemocoel using a Pasteur 
pipette. Midguts and fat bodies were homogenized in volumes of 500 and 400 pi, 
respectively, in ice-cold 1.15% KC1 (containing a few crystals of PTU) using 10 
strokes. Individual heads were homogenized in 250 pi of 0.1 M sodium phosphate 
buffer (pH 8.0) containing 0.1% Triton X-100. Homogenates were centrifuged at 4°C 
for 10 min at I0,000g (midguts) or at I2,000g for 15 min (fat bodies and heads). 
Resulting supernatants were held in ice and used in enzyme assays within 30 min of 
preparation.
Enzyme Assays: Activities of P450-MO toward PNA were measured using the 
method of Kinoshita et al. (1966) with modifications (Hansen and Hodgson, 1971; 
Kirby et al., 1994). Reaction mixtures were prepared in duplicate and contained (final 
concentrations in 200 pi total volume); a NADPH generating system consisting of 
NADP (0.11 mM), glucose-6 -phosphate (2.4 mM), and glucose-6 -phosphate 
dehydrogenase (0.25 Units), 0.1 M sodium phosphate buffer (pH 7.7), and midgut 
homogenate (111 pi containing 0.222 insect equivalent; 0.085+0.017 mg protein). 
Reactions were started by addition of substrate (2 pi PNA in ethanol; 0.35 mM final 
concentration) and were incubated for 40 min at 27°C. Reactions were stopped by 
addition of 5 pi of TCA (2.5% final concentration), and reaction mixtures were mixed 
vigorously and centrifuged at 10,000g for 5 min at 4°C. Supernatants (190 pi) were 
discharged into individual wells of a microtiter plate (Costar, Cambridge, MA) that 
contained 10 pi of 5 N sodium hydroxide, and absorbance was measured at 405 nm
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using a Thermomax microplate reader (Molecular Devices, Palo Alto. CA). Results 
were corrected for nonenzymatic activity using incubations without substrate and 
generating system as the control, then converted to pmoles of /?-nitrophenol formed 
min- * using an experimentally derived "extinction coefficient" of 10.41 mM'* 200 jil'* 
(Kirby et al., 1994).
Activities of GST toward DCNB or CDNB were measured following the 
methods of Booth et al. (1960) or Jakoby (1978), respectively, as modified by Grant et 
al. (1989) and Kirby et al. (1994). Reactions were measured in 96 well microtiter 
plates that were prewashed with 2.5% Tween 20 (v/v in water). Substrate solutions 
(0.75 mM) were prepared by mixing sodium phosphate buffer (0.1 M, pH 8.0) 
containing 15% glycerol with stock solutions of CDNB or DCNB (50 mM in DMSO). 
Reaction mixtures in individual wells consisted of 200 |il of either DCNB or CDNB 
substrate solutions (0.5 mM final concentration), 30 (il GSH ( 8  mM final 
concentration), and fat body homogenate (70 |il containing 0.175 insect equivalent; 
0.061+0.003 mg protein for DCNB or 5 (il containing 0.0125 insect equivalent; 
0.004+0.002 mg protein for CDNB). Reaction volumes were made up to 270 jil using 
sodium phosphate buffer (0.1 M, pH 8.0). Reactions were initiated by addition of 200 
jil of either DCNB or CDNB substrate solution, incubated at 30°C, and the rate of 
change in optical density (OD) during the initial 10 min of reaction was measured at 340 
nm. Data were corrected for nonenzymatic activity using incubations without protein as 
the control and converted to nmol conjugate formed min ' 1 mg protein-1  using 
experimentally derived "extinction coefficients" of 8.5 or 10.09 mM -I 300 (il-1  for 
DCNB or CDNB, respectively (Grant et al., 1989; 1991).
Esterase activity towards a-NA was quantified using the assay of Gomori 
(1953) with modifications (van Asperen, 1961; Grant et al., 1989; Ibrahim and Ottea, 
1995). Substrate solution was prepared by adding 600 (il of a-NA (0.113 M dissolved
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in 50% acetone) to a solution of Fast Blue B salt (18 mg in 30 ml of 0 .1 M phosphate 
buffer, pH 7.0), and then filtered using Whatman #3 filter paper. Reaction mixtures in 
individual wells of a microtiter plate contained 240 (il of substrate solution (2.12 mM 
final concentration), and 10 |il of fat body homogenate (containing 0.025 insect 
equivalent; 0.008+0-002 mg protein). Reaction mixtures were incubated at 30°C, and 
rate of change in absorbance during the initial 10 min was measured at 595 nm. Data 
were corrected for non-enzymatic activity using incubations without protein as a 
control. Changes in OD were converted to nmol/min using an experimentally derived 
"extinction coefficient" (3.825 mM - 1  250 pi"1) for the a-naphthol-Fast Blue B 
conjugate at 595 nm.
Sensitivity of AChE to inhibition by chlorpyrifos oxon was measured using 
larval head homogenates following the method of Ellman et al. (1961) with 
modifications (Moores et al., 1988; Byrne and Devonshire, 1991; 1993; Ibrahim and 
Ottea, 1995). Profenofos was not used for these studies because it is an indirect 
inhibitor of AChE (Wing et al., 1983; Byrne and Devonshire, 1993). Homogenates 
from individual heads (30 pi containing 0.12 tissue equivalent; 0.022±0.004 mg 
protein) were incubated for 10 min at 30°C in wells of a microplate containing 69 pi of 
sodium phosphate buffer (0.1 M, pH 8.0) and 1 pi of chlorpyrifos oxon (148.8 nM 
final concentration). The concentration of chlorpyrifos oxon used in these studies was 
the Igo for the LSU-S strain as determined in preliminary experiments (data not shown). 
Activities measured in the absence of chlorpyrifos oxon served as the control. In 
incubations with eserine sulfate, maximum inhibition of AChE activity (92.1%) was 
measured at 20 pM and did not increase at higher concentrations, suggesting that the 
contribution of general esterases measured in these experiments was approximately 8 % 
of activity (data not shown). Percentage inhibition was calculated as Inactivity with 
inhibitor/activity without inhibitor) X 100.
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Enzyme activities are presented relative to protein concentration, which was 
measured using the assay of Bradford (1976) with bovine serum albumin (fraction V: 
concentrations corrected for impurities) as the standard. Data were subjected to analysis 
of variance followed by Tukey's multiple comparison test (P=0.05) using a 
microcomputer-based program (SAS, 1985). Linear regressions between enzyme 
activities and susceptibility to profenofos were estimated using the method of least 
squares.
Results
Susceptibility to profenofos was significantly lower in larvae from field strains 
than that of the laboratory reference LSU-S strain (Fig. I I). In bioassays with field- 
collected strains, mortality measured following topical application of a diagnostic dose 
(15.3 |ig/larva; 10X LD5 0  for LSU-S larvae) ranged from 6.7% (RR Aug PI) to 
56.7% (MRS Sep F3). The OP-R strain, which was selected from RR Aug F3 insects, 
had an intermediate frequency of OP resistance (36.7%).
Resistance frequencies in all field-collected strains decreased in the absence of 
insecticide selection (Fig. 1 1). Loss of resistance was most dramatic in MRS Aug and 
Sep strains following two generations of laboratory rearing. Whereas resistance 
frequencies in FI generations of these strains were similar, resistance in F3 generations 
from MRS Aug and Sep decreased 3.3- and 5.7-fold, respectively. Similarly, mortality 
measured with RR Aug insects after treatment with the diagnostic dose increased 3-fold 
in two generations from 6.7% (RR Aug PI) to 20.0% (RR Aug F2). An additional 2- 
fold increase in mortality was measured between RR Aug F2 and F4 generations.
Larvae from all field-collected strains expressed significandy higher activities of 
P450-MO than LSU-S larvae (Table 1). The highest activities were measured in MRS 
Aug F3, RR Aug PI, and MRS Jun F3 larvae and were 10.4, 8.7, and 7.5 times 
greater than activity in LSU-S, respectively (Table 1). Activity measured in OP-R
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Table 1. 1. Levels of enzyme activities and inhibition of AChE by chlorpyrifos oxon in field-collected and 
laboratory strains of H. virescens1
S t r a i n P 4 5 0 - M O 2 G S T /C D N B 3 C .S T /D C N B 3 E S T 4 A C h E  ln h ih it io n sA C h E  A ctiv itv *
LSU -S 7 7 .7 (6 0 ,0 )d 252,6(164)c 3 .140(1 .42)d 7 l.6 (3 8 .0 )d 87 .9 (5 ,9 2 )“b 0 .16(0 .05  )d
OP-R 559(300)bc 1836( 1304)abc I2 .5 l(4 .3 3 )abc I60(68 .4 )abc 8 2 .5 (4 .19)“b 0.42(0.08)ah
RR A ug PI 6 7 6 (4 0 5 )ab 2365(1388)ab 1 7 .26 (7 .92 )“ 239(141)“ 71 ,3 (9 ,89  )c 0 .22 (0 .06 )c
RR A ug F2 344 (2 8 9 )c 1150(815.3)ctl 12.52(7.4 l ) “bc 2 0 6 (9 5 .1)“b 8 5 .6 (5 .59)“b ().28(0.08)c
RR A ug F4 507(286)bc 1449(1134)bcd 14 .72(8 .33)ab 161(61.0)“bc 85 .6 (3 .7 9 )“b 0 .45(0 .14)“
M RS Jun F3 579 (352 )abc 2019 (1583)abc 1 0 .14 (5 .93)be I6 6 ( l3 2 )abc 88 .1 (6 .25)“ 0.31 (0.1 ())c
M RS Jun F5 386 (1 8 7 )c 737 .6 (578 .2 )d 1 L 8 7 (6 .0 3 )abc I34(94 .0 )be 8 0 ,4 (9 .30)b 0 .45(0 .17)“
MRS Aug FI 4 0 6 (2 0 9 )c 2032(959 .3 )abc 13 .32(9 .12 )abc 2 1 0 (1 16)“b 86 .7 (6 .37 )“b 0 .3 3 (0 .0 9 )c
M RS Aug F3 805 (284  )a 1503(1231)1**1 16 .10 (9 .86 )“ 142.(92.2)bc 85 .2 (7 .2 7 )“b 0 .2 0 (0 ,09 )d
MRS Sep FI 519 (4 0 3 )bc 2576(1565)° 13.38 (4 .93 )abc 200(174)“bc 87 .9 (5 .05)“ 0 .3 0 (0 .0 9 )c
M RS Sep F3 4 6 2 (2 3 8 )bc 1I84(566.6)cd 8 .3 4 0 (3 .3 5 )c 115(69,1 )c 87 .6(5 .29}“ 0 .3 3 (0 ,16)bc
1 A ctivities were measured in larvae with individual assays (n>30) from laboratory-susceptible (L SU -S), profcnofos-selected (OP-R), and field-collected  
(RR=Red River, M RS=M acon Ridge) strains o f  the tobacco budworm. Values follow ed by the same letter within each vertical colum n are not 
significantly different (Tukey's P=  0 .05),
2 M ean P450-M O  activities (± SD ) expressed as pntoles PNP formed m in'1 mg protein ’.
3Mean GST activities (± SD ) expressed as nmole conjugate formed m in'1 mg p rote in 1.
4Mean EST activities (± S D ) expressed as nmole o f  a-naphtho! formed m in'1 mg p ro te in 1,
5Mean levels o f  inhibition o f  AChE (± SD ) measured follow ing preincubation with chlorpyrifos oxon.
6Mean o f  AChE activities (+SD ) toward ATChI expressed as mOD min'1 mg p rote in 1.
tovO
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larvae was 7.2-fold greater than that of LSU-S insects and was statistically similar to 
those of all field-collected strains except MRS Aug F3 and RR Aug PI. For all strains. 
P450-MO activities were not correlated (r2 =0.00) with profenofos susceptibility. 
Correlations between activity and mortality also were poor when strains from the two 
collection sites were analyzed separately (r2 =0.01 and 0.07 for MRS and RR 
collections, respectively).
Effects of laboratory rearing on P450-MO activity varied in field-collected 
strains (Table 1). For RR Aug insects, activity decreased significantly from PI to F2 
generations. A subsequent increase in activity between F2 and F4 generations was not 
statistically significant. Similarly, for MRS Jun and Sep strains, activity decreased 
following laboratory rearing, although decreases were not statistically significant. In 
contrast, P450-MO activity in MRS Aug larvae increased significantly between FI and 
F3 generations.
Activity of GST toward CDNB also was significantly higher in larvae from all 
field-collected strains than that of LSU-S larvae (Table 1 ). Activity was greatest in 
MRS Sep FI larvae (10.2-fold greater than that of LSU-S) and did not differ 
significantly from those of the RR Aug PI, MRS Aug FI, or MRS Jun F3 strains. 
Activity of GST/CDNB measured from the OP-R strain was 7.3-fold greater than that 
of LSU, and was intermediate relative to activities of field-collected strains. Activity of 
GST/CDNB from all strains was moderately correlated with susceptibility to profenofos 
(r2 =0.55); however, this correlation was higher in MRS (r2 =0.75) than RR (r2=0.23) 
strains.
Activities of GST with CDNB in all field-collected strains were variable 
following laboratory rearing (Table 1). Significant decreases in activity were observed 
between MRS Jun F3 and F5, as well as between MRS Sep FI and F3 strains. Activity 
also decreased between FI and F3 generations of the MRS Aug strain, but this
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difference was not statistically significant. For the RR Aug strains, activity of 
GST/CDNB decreased significantly in the first two generations (i.e.. from PI to F2) 
but was similar between F2 and F4 generations.
Insects from field collections expressed higher levels of GST activity towards 
DCNB than the reference LSU-S strain, but differences were not as great as those 
measured with CDNB (Table I). Highest activities were measured in RR Aug PI and 
MRS Sep FI and were 5.5- and 5.1-fold higher than those from LSU-S. respectively. 
Levels of GST/DCNB activiues in these strains were similar with all other strains except 
those of MRS Jun F3 and MRS Sep F3. Mean levels of acdvity in OP-R larvae were 
not different from those of field-collected strains and were 4.0-fold higher than those of 
LSU-S. Correladons between activities of GST/DCNB and profenofos susceptibility 
were poor in analyses of all strains (r2=0.25) and individual sites of collections 
(r2=0.16 for MRS and 0.33 for RR strains, respectively). In contrast to results with 
CDNB, activity toward DCNB in strains of field collections did not change significantly 
after laboratory rearing (Table 1).
Esterase activities toward a-NA in larvae from all field-collected strain were 
significantly higher than those measured in LSU-S larvae (Table 1). Highest esterase 
activities were measured in RR Aug PI and F2 strains and were 3.3- and 2.9-fold 
higher than those of LSU-S larvae. Esterase activity also was elevated in OP-R larvae 
and was comparable to activities measured in all field-collected strains. Esterase 
activities (Table 1) and profenofos susceptibility (Fig. 1) were strongly correlated in 
analyses with all strains (r2=0.96; [y=242-2.24x]) and individual sites of collections 
(r2=0.98; [y=95.3-0.84x] and 0.99; [y=254-2.43x] for MRS and RR Aug strains, 
respectively). Although effects of laboratory rearing on EST activities were variable 
among strains, differences between field-collected and laboratory-reared generations 
were not statistically significant (Table 1).
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Mean levels of AChE inhibition by chlorpyrifos oxon in larvae from field- 
collected strains were not significantly different from LSU-S except for RR Aug PI 
(Table 1). In tests with RR Aug PI larvae, AChE inhibition was reduced (<80%) in 
83.33% of individuals (Fig. 2). In contrast, this low level of inhibition was measured 
in only 13% and 10% of RR Aug F2 and F4 insects, respectively. For LSU-S larvae, 
only 3% of test insects showed levels of inhibition <80% (Fig. 2; inset). In tests with 
OP-R larvae, mean levels of AChE inhibition were statistically similar to that of LSU-S, 
although low levels of inhibition (<80%) were measured in 17% of tested individuals. 
Inhibition of AChE and profenofos susceptibility were poorly correlated in analyses 
with all strains (r2=0.08) and MRS strains (r2=0.09) but were moderate for strains 
originating from the RR collection (r2=0.59). Finally, with the exception of MRS Aug 
F3, AChE activity in field-collected and laboratory-selected strains was significantly 
higher than that measured from LSU-S larvae.
Discussion
Early detection of insecticide resistance provides a basis for the management of 
resistant pest populations (Brewer and Trumble, 1991) and depends on development of 
sensitive tests to monitor resistance mechanisms. Rapid biochemical assays coupled 
with biological assays are potential tools for estimating both the intensity and frequency 
of resistance in the field (Devonshire et al., 1986; ffrench-Constant and Roush, 1990). 
For example, measurement of AChE sensitivity to inhibition by insecticides or 
resistance-associated esterases with naphthyl acetate esters provides a rapid indication of 
resistance mechanisms expressed in insecticide-resistant pests (Byme and Devonshire, 
1991, 1993). However, use of surrogate (non-insecticide) substrates as monitoring 
tools is imprudent without establishing a relationship between enzyme activities with 
model substrates and insecticide susceptibility ( Sawicki, 1987; Ibrahim and Ottea, 
1995).
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High frequencies of resistance to profenofos were evident among the field 
populations tested, and resistance was unstable in the absence of insecticides. 
Resistance to profenofos has been shown previously to be prevalent in cotton fields 
(Elzen et al., 1992; Martin, 1994; and Kanga and Plapp, 1995) and unstable in field 
populations of the tobacco budworm (Brown et al., 1982). In addition, frequencies of 
resistance and enzyme activities differed between the RR and MRS locations studied. 
Such differences may be the result of more frequent insecticide applications at the RR 
location. Alternatively, insects at the MRS location were collected from unsprayed plots 
of velvet leaf (MRS Jun), cotton (MRS Aug), and Dallas grass (MRS Sep), and effects 
of host plants or migration to and from neighboring fields that received insecticide 
applications were not evaluated.
Resistance to profenofos was highly correlated with EST activity toward a-NA, 
suggesting an association between these enzymes and profenofos resistance. Similar 
relationships have been established in other insects between EST activities and 
resistance to OP (Devonshire and Moores, 1982; Pasteur and Georghiou, 1989; Xu and 
Brindley, 1993; Wilson and Clark, 1996) and pyrethroid (Riskalla, 1983; Gunning et 
al., 1996) insecticides, although positive correlations are not always found (Carlini et 
al., 1995). Thus, this esterase assay has potential as a sensitive biochemical marker for 
monitoring metabolic resistance to profenofos in field populations of H. virescens.
Profenofos resistance was correlated with activity of GST toward CDNB but 
not DCNB, suggesting that enzymes metabolizing these substrates have different 
identities and contributions to profenofos resistance. Activities of GST toward model 
substrates are often higher in OP-resistant than -susceptible insects (reviewed in Clark, 
1989). In previous studies where multiple strains were examined, activities toward 
DCNB were correlated with OP resistance in the tufted apple bud moth, Platvnota 
idaeusalis (Walker) (Carlini et al., 1995), Australian blow fly, Lucilia cuprina
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(Wiedemann) (Wilson and Clark, 1996), and the diamondback moth. Plutella xvlostella 
(L.) (Ku et al., 1994). Further, correlations from the present study were higher for 
MRS than RR collections, illustrating spatial variation in expression of GSTs associated 
with profenofos resistance.
Spatial variation in sensitivity of AChE to inhibition by chlorpyrifos oxon also 
was evident between insects from the two collection sites. Sensitivity of AChE to 
inhibition was poorly correlated in analysis including all strains but was moderately 
correlated in strains that originated from the RR Aug location. This finding suggests a 
possible linkage between reduced sensitivity of AChE and profenofos resistance at the 
RR (but not at MRS) site. Moreover, this correlation was better when frequencies 
(instead of mean levels) of AChE inhibition and profenofos resistance were compared 
(r2=0.69), illustrating a possible contribution of a target site mechanism to OP 
resistance, as reported previously in H. virescens (Brown 1991; Brown and Bryson, 
1992; Kanga and Plapp, 1994; Brown et al., 1996; Wolfenbarger, 1996), Spodoptera 
littoralis (Dittrich et al., 1979), and Lvgus hesperus (Xu and Brindley, 1993).
Although P450-MO activities towards PNA were elevated in all field-collected 
and OP-R larvae compared with LSU-S larvae, no correlation was found between these 
activities and frequencies of profenofos resistance. This finding suggests that, in the 
strains examined, measurement of this activity has no obvious toxicological significance 
in OP resistance. Insecticide metabolism by P450-MO has been reported to be 
associated with resistance to OP (Bull and Whitten, 1972; Reed, 1974), carbamate 
(Rose et al., 1995), and pyrethroid insecticides (McCaffery et al., 1991; Ottea et al., 
1995) in H. virescens. In contrast, other studies found no difference in P450-MO 
activity between OP-susceptible and -resistant H. virescens (Gould and Hodgson, 
1980). Activity of P450-MO toward PNA also was not found to be associated with 
cypermethrin resistance in H. virescens (Ibrahim and Ottea, 1995), although this group
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of enzymes plays an important role in cypermethrin detoxication (McCaffery et al.. 
1991: Ottea et al., 1995).
To summarize, profenofos resistance in H.. virescens was found to be 
multifactorial, involving both metabolic and target site mechanisms. Whereas activities 
of all enzymes measured were higher in field strains compared with susceptible larvae, 
only EST activities were strongly correlated with frequencies of profenofos resistance.
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CHAPTER 2
METHODS FOR DETECTION OF PROFENOFOS RESISTANCE IN
THE TOBACCO BUDWORM, HELIOTHIS VIRESCENS fF.)
Introduction
Over the past 40 years, resistance to all major classes of insecticides has been a 
persistent and increasing impediment to effective management of field populations of the 
tobacco budworm, Heliothis virescens (F.) (Sparks, 1981; Sparks et al., 1993). All 
three major mechanisms of insecticide resistance (i.e., reduced cuticular penetration, 
increased metabolic detoxication and altered sites of action) are expressed in resistant H. 
virescens. Reduced cuticular penetration has been shown as a minor mechanism 
conferring low levels of resistance to DDT, carbaryl, malathion and endrin (Szeicz et 
al., 1973), profenofos (Kanga and Plapp, 1994) and cypermethrin (Ottea et al., 1995). 
In addition, decreased sensitivity of the target site, acetylcholinesterase (AChE; the 
target site for organophosphorus [OP] and carbamate insecticides) as well as voltage- 
sensitive sodium channels (the target site for pyrethroid/DDT insecticides) has been 
measured (McCaffery et al., 1991; Brown and Bryson, 1992; Ottea et al., 1995).
Metabolic detoxication by cytochrome P450-dependent monooxygenases (P450 
MOs), glutathione S-transferases (GSTs) and esterases (ESTs) is probably the major 
factor responsible for insecticide resistance (Abdel-Aal et al., 1993). Expression of 
P450 MO activity has been associated with metabolic resistance to DDT (Vinson and 
Brazzel, 1966), OPs, carbamates (Brown, 1981; Bull, 1981), and pyrethroids 
(Nicholson and Miller, 1985; Dowd et al., 1987; McCaffery et al., 1991; Ottea et al., 
1995) in H. virescens. Enhanced activities of P450 MOs were considered as the 
primary cause of resistance to chlorpyrifos, chlorpyrifosmethyl (Whitten and Bull, 
1974) and aldrin (Reed 1974) in some strains of H. virescens. Similarly, elevated 
levels of GSTs toward non-insecticide (model) substrates were measured in field-
42
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collected strains of H. virescens (Rose et al., 1995; Zhao et al., 1996) and moderately 
correlated with frequencies of resistance to cypermethrin and profenofos (Kirby et al.. 
1994; Ibrahim and Ottea, 1995). Finally, esterases have been found to be responsible 
for the hydrolysis of permethrin (Dowd et al., 1987) and methyl parathion (Konno et 
al., 1989; 1990) in laboratory-selected strains. More recent studies suggest that 
elevated EST activities (as measured with a-naphthyl acetate [a-NA]) are responsible 
for cross-resistance among carbamate, OP and pyrethroid insecticides (Goh et al., 1995; 
Zhao et al, 1996), and are correlated with frequencies of profenofos resistance in many 
field-collected and laboratory-selected strains o f H. virescens (Chapter 1).
Knowledge of biochemical and physiological mechanisms of resistance is 
essential for the rational development and effective implementation of insecticide 
resistance management (IRM) strategies (Brown and Brogdon, 1987). However, 
fundamental insight gained from biochemical and molecular genetic studies on 
insecticide resistance mechanisms over the past decades has not been targeted for 
practical application of field detection of insecticide resistance. Since the success of 
IRM relies on the ability to diagnose the nature, frequency and evolution of insecticide 
resistance in the target population, rapid and sensitive techniques to detect resistance 
mechanisms are needed (ffrench-Constant and Roush, 1990), but are not available for
H. virescens.
Although results of biological assays provide verification that resistance is 
present in field populations, they fail to provide information about the underlying 
resistance mechanisms. Rapid, preliminary diagnosis of metabolic mechanisms of 
resistance may be obtained using bioassays with insecticide synergists. Similarly, 
quantitative biochemical assays based on spectrophotometric determination of enzyme 
activities toward non-insecticide (model) substrates also have been used as indicators of 
metabolic resistance (Brown and Brogdon, 1987). However, since detoxifying
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enzymes exist in multiple forms (Schoknecht and Otto, 1989) with differing sensitivities 
to synergists, a single synergist may not inhibit the enzymes responsible for resistance 
(Brown et al., 1996a). Therefore, absence of synergism cannot be considered as proof 
that a particular metabolic mechanism is absent (ffrench-Constant and Roush, 1990). 
Similarly, results from studies using model substrates are inconclusive unless enzyme 
activities measured are consistently correlated with the expression of resistance (Brown 
and Brogdon, 1987; Ibrahim and Ottea, 1995). Since EST activities toward a-NA were 
found to be correlated with frequencies of profenofos resistance (Chapter 1 ), the 
objective of this study was to explore further the utility o f this EST assay as a 
biochemical marker to detect and monitor profenofos resistance in H. virescens.
Materials and Methods 
Chemicals: Technical grade profenofos (0-(4-bromo-2-chlorophenyl)-0-ethyl-S- 
propyl phosphorothioate: 89%; NOVARTIS, Greensboro, NC) and chlorpyrifos oxon 
(0,G-diethyl-(9-(3,5,6-trichloro-2-pyridinyl) phosphate: 100%; DowEIanco Inc., 
Indianapolis, IN) were donated by respective manufacturers. Acrylamide, 
ethylenediaminetetraacetic acid (EDTA), tris(hydroxymethyl)aminomethane (Tris) were 
purchased from Gibco BRL, Grand Island, NY. N,N,N',N'-tetramethylethylene- 
diamine (TEMED), bis acrylamide, ammonium persulfate and Coomassie Brilliant Blue 
R-250 were obtained from Amresco (Solon, OH). Bovine serum albumin (fraction 5), 
acetylthiocholine iodide (ATChI), 5,5'-dithio-6w(2-nitrobenzoic acid) (DTNB), Fast 
Blue RR salt, |3-naphthyl acetate (|3-NA) and a-naphthyl acetate (a-NA) were 
purchased from Sigma Chemical Company (St. Louis, MO). Fast Blue B salt and 
potassium chloride (KC1) were purchased from Aldrich Chemical Company 
(Milwaukee, WI).
Insects: Results of biological and biochemical assays with field-collected insects were 
compared with laboratory-susceptible and -resistant strains. Eggs and larvae were
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collected from a domesticated stand of velvet leaf, Abutilon theophrasti Medicus, at the 
Louisiana State University Agricultural Center's Northeast Research Station/Macon 
Ridge location (MRS; Winnsboro, LA) on June 12, 1997 (MRS Jun97). Other field- 
collections were made on August 22 and 25, 1997 from a cotton field in Lyles farm. 
Bayou Macon, LA (By Mac97) that had been treated with three applications of 
spinosad, two applications each of cypermethrin and profenofos and one application of 
thiodicarb. Portions of leaves containing eggs and larvae were collected and transported 
to the laboratory in styrofoam coolers containing ice and placed in 1-oz cups containing 
a pinto bean-based semi-synthetic diet (Leonard et al., 1988). Field-collected larvae 
were identified as H. virescens based on the presence of spinose cuticle and chalazas 1 
and 2  on abdominal segments 1 , 2 , and 8  and a molar area on the oral surface of the 
mandible (Oliver and Chapin, 1981). Larvae were separated following head capsule 
slippage at the end of the fourth stadium, and fifth stadium (day 1 ) insects ( 180±20 mg) 
were selected for biological and biochemical assays. Adults were reared in 3.8-1 
cardboard cartons covered with cotton gauze as a substrate for oviposition and provided 
with sucrose (10% in water) as a carbohydrate source. Both larvae and adults were 
held at 27°C, 70% relative humidity, and a 14; 10 hr (light;dark) photoperiod.
Larvae from two laboratory strains were studied. The laboratory susceptible, 
LSU-S strain was established from field collections from cotton in 1977 (Leonard et al.,
1988) and has been reared in the laboratory without intentional exposure to insecticides. 
A resistant laboratory strain (OPR97 PI) was originally established by selecting larvae 
from a field-collection made at the Red River (RR) Research Station (Bossier City, LA) 
on August 23, 1995 (Chapter I). Larvae from the OPR97 PI strain were reared for 
three generations without selection (OPR97 F3). Larvae from the third generation were 
either selected with profenofos (2.5 (ig/larva; OPR97 F4S) or reared without exposure
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to insecticide (OPR97 F4). Fifth stadium larvae (day I) of H. virescens from each of 
the strains were used for biochemical (n=30) and biological (n>30) assays.
Biological Assay: Susceptibility of H.. virescens to profenofos was measured in 
fifth stadium (day 1 ) larvae following topical application of 1 p.1 of profenofos (in 
acetone) on the thoracic dorsum. The dose-mortality response of larvae was measured 
with at least 5 doses of profenofos (>10 larvae/dose ) and replicated thrice. Treated 
larvae were held in l-oz cups with diet and maintained at 27°C, 70+5% relative 
humidity, and a photoperiod of 14:10 (lightrdark) hr. Mortality was recorded 72 hr 
following topical application using absence of coordinated movement within 30 sec after 
being prodded with a pencil as the criterion. Data were analyzed by probit analysis 
(Finney, 1971) using a microcomputer-based program (SAS, 1985). Frequency of 
resistance to profenofos in field-collected strains (n>30) was measured 72 hr following 
topical application of a diagnostic dose (15. 3 (ig/larva; 10 X LD5 0  for LSU insects). 
Tissue Preparation: Tissues homogenates from individual larvae were used as 
enzyme source for all biochemical assays. Individual larvae were weighed, decapitated, 
dissected and the digestive system was removed. The opened hemocoel was rinsed 
with ice-cold buffer (0.1 M sodium phosphate, pH 7.0) and fat bodies were obtained by 
gentle scraping and aspiration using a Pasteur pipette. Fat bodies were filtered using 
glass wool and homogenized in an all-glass homogenizer containing 2 0 0  |il of ice-cold 
1.15% KCl (containing a few crystals of PTU). Individual heads were homogenized in 
200 jil of 0.1 M sodium phosphate buffer (pH 8.0) containing 0.1% Triton X-100. 
Homogenates were centrifuged at 12,000g for 15 min and resulting supernatants were 
held in ice and used in enzyme assays within 30 min of preparation.
Biochemical Assays: Esterase activity towards a-NA was quantified using the 
assay of Gomori (1953) with modifications (van Asperen, 1961; Grant et al., 1989; 
Ibrahim and Ottea, 1995). Substrate solution was prepared by adding 600 fj.1 of a-NA
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(0.113 M dissolved in 50% acetone) to a solution of Fast Blue B salt (18 mg in 30 ml of 
0.1 M phosphate buffer, pH 7.0), and then filtered using Whatman #3 filter paper. 
Reaction mixtures in individual wells of a microtiter plate contained 240 p.1 of substrate 
solution (2.12 mM final concentration), and 10 |il of fat body homogenate (containing 
0.05 insect equivalent; 0.008+0.002 mg protein). Reaction mixtures were incubated at 
30°C, and the rate of change in absorbance during the initial 10 min was measured at 
595 nm using a Thermomax microplate reader (Molecular Devices, Palo Alto, CA). 
Data were corrected for non-enzymatic activity using incubations without protein as a 
control. Changes in OD were converted to nmol/min using an experimentally derived 
"extinction coefficient" (3.825 mM ' 1 250 p.1'1) for the cc-naphthol-Fast Blue B 
conjugate at 595 nm.
Native polyacrylamide gel electrophoresis (PAGE) was used to determine the 
EST banding pattern in individual larvae using a vertical electrophoresis unit (Hoefer 
Scientific Instruments, San Francisco, CA) and 5% acrylamide (Sambrook et al.,
1989). Protein concentration in individual fat body homogenates was adjusted to 
contain 30 jig protein in 40 |il and loaded onto the gel with 5 |il of 6 X tracking dye 
(0.25% Bromophenol Blue and 40% sucrose w/v in water). Electrophoresis occurred 
in Tris-borate/EDTA buffer (100 mM Tris, 2.4 mM EDTA, and 100 mM boric acid, pH
8.0) at a constant voltage (150 V) until the dye marker was within 1 cm of the gel base. 
After electrophoresis, gels were stained in darkness at 25°C with 100 ml of 0.1M 
sodium phosphate buffer containing 0.5 mM a and b naphthyl acetates and 0.2% Fast 
Blue RR salt for 30 min. Gels were destained in distilled water and fixed in 5% acetic 
acid (modified from Gunning et al., 1996). Relative mobility (Rm) was calculated by 
dividing the migration distance of the specific band from the origin to the center of the 
band by the migration distance of the Bromophenol Blue tracking dye from the origin.
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A "squash assay" was performed on filter paper based on earlier methods 
(Pasteur and Georgiou, 1989; Abdel-Aal et al., 1990) with modifications. Second 
stadium larvae (ca. 10-20 mg) were individually squashed through a 1.5 ml micro­
centrifuge tube (cut open at the distal end) using a pencil tip capped with a 0.5 ml micro­
centrifuge tube onto a Whatman #3 filter paper moistened with phosphate buffer (0.1; 
pH 7.0). The micro-centrifuge tubes were rinsed with distilled water between 
individual squashes to avoid contamination. The filter paper was incubated atop a 
second filter paper containing a-NA/Fast Blue substrate solution for 60 sec in darkness. 
The reaction was stopped by rinsing with water followed by the addition of 5% acetic 
acid. Esterase activities were visualized as violet stains on the undersurface of the filter 
paper, which were compared with a color scale prepared with a-naphthol standards (0 -
1 .8  pmoles).
Sensitivity of AChE to inhibition by chlorpyrifos oxon was measured using 
larval head homogenates following the method of Ellman et al. (1961) with 
modifications (Moores et al., 1988; Byrne and Devonshire, 1991; 1993; Ibrahim and 
Ottea, 1995). Profenofos was not used for these studies because it is an indirect 
inhibitor of AChE (Wing et al., 1983; Byrne and Devonshire, 1993). Homogenates 
from individual heads (30 |il containing 0.12 tissue equivalent; 0.022±0.004 mg 
protein) were incubated for 10 min at 30°C in wells of a microplate containing 69 p.1 of 
sodium phosphate buffer (0.1 M, pH 8.0) and 1 pi of chlorpyrifos oxon (148.8 nM 
final concentration). The concentration of chlorpyrifos oxon used in these studies was 
the I9 0  for the LSU-S strain as determined in preliminary experiments (data not shown). 
Following preincubation, reactions were initiated by adding 200 pi of ATChl/DTNB 
(0.5 mM/0.05 mM, final concentration), and rate of change in OD at 405 nm at 30°C 
was recorded. Data were corrected for nonenzymatic activity using incubations without 
protein as the control and expressed as mOD min* 1 mg protein*1. Activities measured in
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the absence of chlorpyrifos oxon served as the control. In incubations with eserine 
sulfate, maximum inhibition of AChE activity (92.1%) was measured at 20 (iM and did 
not increase at higher concentrations, suggesting that the contribution of general 
esterases measured in these experiments was approximately 8 % of activity (data not 
shown). Percentage inhibition was calculated as Inactivity with inhibitor/activity 
without inhibitor) X 100.
Protein concentrations were measured by the method of Bradford (1976) with 
bovine serum albumin (fraction V; concentrations corrected for impurities) as the 
standard. Data were subjected to analysis of variance followed by Tukey's multiple 
comparison test (P=0.05) using a microcomputer-based program (SAS, 1985). Linear 
regressions between enzyme activities and susceptibility to profenofos were estimated 
using the method of least squares.
Results
Levels of profenofos resistance (based upon LD5 0  values) in laboratory-resistant 
strains were statistically higher than that of the susceptible LSU strain (Table 2.1, 
Figure 2 .1). The highest level of resistance to profenofos (31-fold relative to LSU) was 
expressed in OPR97 PI larvae (LDso=22.8 (ig/larva). Additionally, unlike the other 
laboratory strains, the log-dose probit relationship for OPR97 PI plateaued at the dose 
of 22.3 (ig/larva and formed a clear deflection at higher doses of profenofos (Figure
2.1). In the absence of selection with profenofos for 3 generations, the level of 
resistance decreased significantly to 11.7-fold (LD5o=8 . 6  (ig/larva) in OPR97 F3 and 
the plateau was lost. The level of resistance in the subsequent generation (OPR97 F4; 
9.7-fold) was comparable to that of OPR97 F3, but increased significantly to 22-fold 
(LD5 o=l6 . 0  (ig/larva) following selection with profenofos. Resistance levels in the 
OPR97 PI and F4S strains were not significantly different.
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Table 2.1. Susceptibilities of laboratory and field-collected strains of H.. virescens to profenofos1
Strain N LD50 (95% CL)2 Slope ± SE Resistance
Ratio3 X2
Percentage Survival 
@Diagnostic Dose4
LSU 392 0.73 (0.65 -0.81)0 3.72 + 0.32 - 3.34 0.00
OPR97P1 213 22.8 (18.8 - 27.5)*1 2.46 ± 0.03 31.2 3.42 67.7
F3 ISO 8.6 (6.78 - 10.6)c 2.44 ±  0.30 11.7 1.57 26.8
F4 184 7.08 (5.50 - 8.86)c 2.23 ±  0.28 9.7 1.97 23.3
F4S 241 16.0 (13.1 - 19.1)b 2.44 + 0.28 22.0 0.85 53.3
MRS Jun97 30 ND3 ND5 ND3 ND3 60.0
By Mac97 30 ND5 ND5 ND3 ND3 96.7
•Susceptibility was measured 72 hr following topical application of 1 pi of acetone containing profenofos in fifth stadium 
(day 1) larvae.
Expressed as pg /larva; values followed by the same letters are not statistically significant.
Resistance ratio=LD5o of resistant strain/LDso of suceptible strain LSU.
4Survival observed following topical application of 15.3 pg of profenofos/larva (n=30) in fifth stadium (day 1) larvae. 
5ND: Not determined.
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Figure 2.1. Log dose-probit mortality data for the laboratory-susceptible and -resistant strains 
of f t . v irescens.
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Frequencies of resistance to profenofos (as determined in assays with a 
diagnostic dose of 15.3 jig profenofos/larva) were higher in larvae from the field- 
collected and the laboratory-selected strains than the susceptible LSU strain (Table 2.1). 
A high frequency of resistance was determined for OPR97 PI larvae (68%) but 
decreased considerably (2.4-fold) in OPR97 F3 to 28%. A further decrease in 
resistance frequency from OPR97 F3 to OPR97 F4 was not statistically significant. 
However, following selection of OPR97 F3 with profenofos, the resistance frequency 
increased significantly to 53% in OPR97 F4S. High frequencies of resistance to 
profenofos also were recorded in field-collected insects (60% and 96.7% in MRS Jun97 
and By Mac97, respectively). Levels and frequencies of resistance to profenofos were 
highly correlated (r2=0.98).
Activities of ESTs measured in larvae of both laboratory-resistant and field- 
collected insects were higher than that in the susceptible LSU strain (Table 2.2). The 
highest mean level of EST activities was expressed in larvae from OPR97 P 1 (294 
nmoles of a-naphthol formed min'1 mg protein-1). Mean EST activities decreased in the 
absence of selection to 88.7 nmoles of a-naphthol formed min-1 mg protein-1 in OPR97 
F3 larvae, but increased significantly (1.8-fold) in OPR97 F4S following laboratory 
selection of OPR97 F3 with profenofos. In assays with field strains, larvae from By 
Mac97 expressed EST activity that was comparable with that of OPR97 P 1. The mean 
level of EST activity in MRS Jun97 larvae was intermediate relative to LSU and OPR97 
PI and did not differ significantly from that of OPR97 F4S.
Whereas mean levels of EST activity did not differ among the OPR97 F3, F4 
and LSU strains, differences in frequency profiles for this activity in these strains were 
apparent (Figure 2.2). The frequency distribution of EST activity in LSU larvae was 
narrow with 97% of individuals expressing activity less than 90 nmoles min-1 mg 
protein-1. In contrast, distributions of EST activities measured were broad in larvae
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T able 2.2. Levels o f enzyme activ ities and  sensitiv ity  o f AChE to 
inhibition by chlorpyrifos oxon in field-collected and laboratory  strains 
of H . v ire sc e n s 1
S tra in EST
(SD)*
AChE
(SD)3
AChE Inhibition
(SD )4
LSU 71.60c 0.25ab 89.76a
(38.05) (0.05) (2.72)
OPR97PI 293.59a 0.33a 69.62d
(126.63) (0.16) (14.81)
OPR97 F3 88.77c 0.20bc 77.96bc
(52.29) (0.18) (11.99)
OPR97 F4 105.60bc 0.16cde 88.27a
(44.50) (0.06) (4.79)
OPR97 F4S 163.30b 0.12de 87.38a
(49.50) (0.05) (5.83)
MRS Jun97 167.1 l b 0 .2 0 ^ 74.88cd
(104.26) (0.09) (11.39)
By Mac97 236.50a 0.10e 83.20ab
(105.30) (0.04) (10.74)
1 Activities were measured in larvae with individual assays (n>30) from 
laboratory-susceptible (LSU), resistant (OPR) and field-collected (MRS: Macon 
Ridge, By Mac: Bayou Macon) strains of H. virescens.
^Mean EST activities (±SD) expressed as nmoles of a-naphthol formed
m in'1 mg protein*1.
3 Mean AChE activities (±SD) toward ATChI expressed as mOD min*1 
mg protein*1.
4Mean levels of percent inhibition of AChE (±SD) measured following 
preincubation with chlorpyrifos oxon for 10 min.
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Figure 2.2. Frequency distribution of EST activity (expressed as a-naphthol formed min-* mg protein*1) 
from fat body homogenates of individual fifth stadium (day 1) larvae in laboratory-susceptible and 
-resistant strains of H. virescens U\
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from OPR97 PI: 97% of the individuals expressed activities greater than those of LSU 
strain. In the absence of selection (OPR97 F3), the frequency profile narrowed, with 
only 20% of larvae expressing activity greater than 90 nmoles min*1 mg protein-1. 
Upon selection of OPR97 F3 with profenofos, increased frequencies of individuals in 
OPR97 F4S expressing high EST activity were detected: 83% of individuals expressed 
activities greater than those of LSU. Broad frequency profiles also were observed in 
the field strains: 62 and 87% of the individuals from MRS Jun97 and By Mac97, 
respectively, expressed greater activities than those of LSU strain (Figure 2.3).
Qualitative and quantitative variation was observed in banding patterns of ESTs 
toward a  and (3 naphthyl acetates in electrophoretic gels with fat body homogenates 
from individual larvae (Figure 2.4). Staining of ESTs was more intense with resistant 
larvae than those from the susceptible strain. In addition, a band (designated A '; Rm= 
0.65) was expressed in 100% of the individuals tested from OPR97 F4S but in none of 
the LSU individuals examined. The appearance of this band in OPR97 F4S larvae 
coincided with the decreased expression of a second band (A) with Rm=0.68. Whereas 
this band was observed in 93% LSU individuals, it was expressed in only 27% of 
OPR97 F4S insects. This pattern (i.e., overexpression of the A’ band and 
underexpression of A band) also was observed in gels with field-collected larvae from, 
MRS Jun97 (67%) and By Mac97 (87%) (Figure 2.5).
In the squash assay using individual, second stadium larvae (ca. 10-20 mg), 
variation was observed within and between susceptible and resistant (OPR97 F4S) 
strain (Figure 2.6). The color developed using susceptible larvae ranged from no color 
to moderate violet color. Overlapping intensity of color was observed in about 10 % of 
individuals from susceptible and resistant strains. However, the violet stain developed 
was more intense with the resistant larvae than that of the susceptible.
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Figure 2.3. Frequency distribution of EST activity (expressed as a-naphthol formed min-1 mg protein-*) 
from fat body homogenates of individual fifth stadium (day 1) larvae in laboratory-susceptible and 
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Figure 2.4. Polyacrylamide gels of EST activities in individual larvae from susceptible (LSU) and 
profenofos-selected strains of H. virescens. Each lane contains 30 pg of protein from fat body homogenates 
of individual fifth stadium (day 1) larvae.
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Figure 2.5. Polyacrylamide gels of EST activities in individual larvae from field-collected strains of 
U, virescens. Each lane contains 30 pg of protein from fat body homogenates of individual fifth 
stadium (day 1) larvae.
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Figure 2.6. Squash assay indicating the intensity of color developed in second stadium susceptible and 
resistant larvae of Q. virescens (A). Color scale developed with known concentrations of a-naphthol (B).
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Sensitivity of AChE (expressed as mean percent inhibition of AChE following 
incubation with chlorpyrifos oxon) was lower in larvae from the OP-resistant strains 
than from LSU strain (Table 2.2). Larvae from OPR97 PI expressed the lowest level 
of sensitivity (69.6%), which decreased significantly in the subsequent generations. 
Although sensitivity of AChE to chlorpyrifos oxon in OPR97 F4S decreased upon 
selection with profenofos, this difference was not significant. High levels of reduced 
sensitivity of AChE were determined in field-collected larvae from the MRS Jun97. In 
contrast, there was no significant difference in AChE sensitivity between By Mac97 and 
LSU larvae.
Frequency profiles for AChE inhibition differed among strains. Sensitivity of 
AChE in LSU larvae was normally distributed: 97% of LSU individuals exceeded 88% 
inhibition of AChE (Figure 2.6). In contrast, frequency distributions of AChE 
sensitivity were broad in field strains. For OPR97 PI and OPR97 F3, 80 and 30% of 
individuals, respectively, had lower levels of inhibition than LSU larvae (Figure 2.6, 
2.7). Whereas mean levels of inhibition of AChE did not differ significantly between 
OPR97 F4, OPR97 F4S and LSU strains, differences in frequency profiles among 
these strains were observed. The field-collected strains also displayed broad frequency 
profiles of AChE sensitivity with 90 and 60% of the individuals from MRS Jun97 and 
By Mac97, respectively, expressing lower levels of inhibition than LSU larvae.
Wide variations were observed in the activities of AChE (expressed as mOD 
m in'1 mg protein'1) toward ATChI in individual larvae from both laboratory and field- 
collected strains (Table 2.2). The highest mean activity was measured in OPR97 PI 
which significantly decreased in the OPR97 F3 and OPR97 F4 strains. An intermediate 
level of activity was measured in LSU larvae, which was comparable with that of 
OPR97 PI larvae. The lowest level of activity was measured in the field-collected By 
Mac97 strain.
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Differences in AChE activity between susceptible and resistant strains were 
apparent from frequency distributions (Figures 2.8 and 2.9). AChE activity expressed 
in 97% of LSU larvae was greater than 0.12 mOD min*1 mg protein*1 with a narrow 
frequency distribution. Frequency distributions of laboratory resistant strains were 
broad, with lower activities than LSU expressed in 40 and 63% of OPR97 PI and F3 
individuals, respectively. Among the field-collected strains, 38 and 87% of larvae from 
MRS Jun97 and By Mac97, respectively expressed lower activities than that of LSU 
strain (Figure 2.10).
D iscussion
Biochemical assays, including those with model substrates, can be utilized 
successfully for detecting and monitoring insecticide resistance in insect populations 
(Devonshire, 1987). In previous studies, resistance was shown to be associated with 
elevated EST activity toward naphthyl acetate in several insect pests (Abdel-Aal et al., 
1993). The present study is based on a similar correlation between EST activities and 
frequencies of resistance to profenofos in an array of resistant field populations and 
laboratory strains of H. virescens (Chapter 1), and on the assumption that changes in 
naphthyl acetate hydrolysis reflect changes in the ability to hydrolyze insecticide esters. 
Such knowledge of the nature of resistance mechanisms also may serve as a foundation 
for the development of field kits to diagnose metabolic resistance in natural populations. 
This would enable growers to know the resistance status of H. virescens prior to 
insecticide application and choose effective insecticides that would control pest.
Elevated levels of EST activities toward model substrates have been associated 
with OP resistance in many (ca. 30) insect pests (Abdel-Aal et al., 1993). Results 
presented in this study provide further evidence for the role of ESTs in OP resistance in
H. virescens and illustrate the utility of EST activity toward a-N A  as a biochemical 
marker for profenofos resistance in this insect. Significant increases in EST activity
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toward a-NA were observed in OPR97 F4S following one generation of selection. 
Prior to selection, only 17% of larvae from OPR97 F3 expressed activities higher than 
that of LSU. Following selection with profenofos, mean levels of EST activities did 
not differ significantly between OPR97 F4 and OPR97 F4S. However, a dramatic 
effect on the frequency distribution of EST activities was observed: more than 83% of 
OPR97 F4S expressed EST activity greater than that of LSU. In addition, frequencies 
of profenofos resistance and EST activities were significantly higher in two field- 
populations of H. virescens than in the LSU strain. Frequencies of profenofos 
resistance in 21 field-collected and laboratory-selected strains of H. virescens were 
highly correlated with mean levels of EST activities toward a-NA (r2=0.90) (this study 
and Chapter 1). In previous studies, elevated levels of ESTs toward permethrin, a-NA 
(Dowd et al., 1987) and methyl parathion (Konno et al., 1989; 1990) in larvae from 
laboratory-selected H. virescens have been documented. More recently, EST activities 
toward a-N A  from mass homogenates of thiodicarb-selected H. virescens were 
attributed to cross-resistance among carbamate, OP and pyrethroid insecticides (Goh et 
al., 1995; Zhao et al., 1996). A high level of resistance (17-fold at the LD5 0 ) to 
cypermethrin was measured in the parent strain (OPR; Chapter 1) of OPR97 PI, 
suggesting that elevated EST activity confers cross-resistance between OP and 
pyrethroid insecticides.
In addition to elevated EST activities, electrophoretic studies revealed the 
expression of a unique EST associated with profenofos resistance. A band of EST 
activity (A') was expressed in OP-resistant insects, but not in larvae from the LSU 
strain. In addition, this "resistance-associated esterase" (RAE) was expressed in 67 and 
87% of the individuals from MRS Jun97 and By Mac97, respectively. Corresponding 
frequencies of resistance (60 and 97% for MRS Jun97 and By Mac97, respectively) 
were expressed in these strains. Since detoxifying enzymes exist in multiple forms
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(Schoknecht and Otto. 1989), the mean interstrain difference in total activity with a-NA 
might overlap (Devonshire, 1989) masking the expression of RAE. However, the 
results from the present study suggest that RAE in individual larvae can be accurately 
and rapidly discriminated using electrophoretic separation. Similarly, discrimination 
between susceptible and moderately resistant aphids (whose total activity overlapped 
with that of susceptible aphids) was made possible by electrophoretic separation of 
esterase-4 (Sawicki et al., 1978). Since the estimation based on intensity of 
electrophoretic bands is subjective, it may best serve as a complementary tool with 
determinations of total EST activities (Devonshire and Field, 1991).
Although the A’ band in OPR97 F4S strain has not been shown to metabolize 
insecticides directly, its consistent expression after selection suggests a potential role in 
profenofos resistance in H. virescens and therefore, its utility as a biochemical marker. 
Konno et al., (1990) reported a similar band (esterase III) that hydrolyzes methyl 
parathion in OP-selected H. virescens. Elevated EST activity and electrophoretic 
patterns in resistant H. virescens form the basis for a preliminary version of a "squash 
assay", which has potential utility in the field to assess the contribution of hydrolytic 
mechanisms to resistance in this pest. Occasionally, better staining was observed in the 
periphery of the spots than in the center because of the presence of large amounts of 
lipids. Assessing the color developed on the undersurface of the filter paper excludes 
the body fragments on the upper surface that might prevent proper staining.
In addition to elevated EST activity, reduced sensitivity of AChE was a 
mechanism in OP-resistant strains. The combination of both metabolic and target site 
mechanisms was expressed in a significant proportion of the individuals in OPR97 F4S 
strain as reflected by the bimodal response in log dose-probit results. Further, high 
frequencies of individuals expressing both metabolic and target site mechanisms also 
have been measured in field-collected MRS Jun97 and By Mac97 insects. Similar
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enhancement of esterase based insecticide resistance by insensitive AChE has been 
observed in the aphids. Mvzus persicae and M- nicotianae (Moores et al., 1994).
Heterogeneity in AChE sensitivity expressed in OPR97 PI could be seen in both 
lower activity of AChE as well as reduced sensitivity to inhibition by chlorpyrifos oxon. 
In studies with field-collected H. virescens. 38 and 87% of individuals from MRS 
Jun97 and By Mac97, respectively, expressed lower AChE activity of than LSU larvae. 
However, like the OPR97 PI strain, 80 and 30% of MRS Jun97 and By Mac97, 
respectively, expressed lower percent inhibition of AChE than LSU. Whereas reduced 
sensitivity of AChE to OP inhibitors in H. virescens has been documented (Brown, 
1991; Brown and Bryson, 1992; Kanga and Plapp, 1994; Wolfenbarger, 1996; Brown 
et al., 1996b), lower activity of AChE has not. Lower hydrolyzing efficiency of AChE 
associated with reduced sensitivity of AChE also has been observed in azinphosmethyl- 
resistant Colorado potato beetle. Leptinotarsa decemlineata (Zhu and Clark, 1995) and 
several other insect species (reviewed in Oppenoorth, 1985).
In conclusion, the results of this study showed that both metabolic and target 
site mechanisms of resistance were expressed in profenofos-resistant H. virescens. 
Elevated EST activities toward a-NA in OP resistant larvae were measured using a 
microplate assay and were consistently associated with appearance of an unique 
electrophoretic band found only in resistant larvae. The microplate and electrophoretic 
assays can be utilized as complementary tools in detection and monitoring of profenofos 
resistance in H. virescens.
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CHAPTER 3
INHERITANCE OF PROFENOFOS RESISTANCE IN THE 
TOBACCO BUDWORM, HELIOTHIS VIRESCENS (F.)
Introduction
Insecticide resistance in the tobacco budworm, Heliothis virescens (F.), has 
been a problem since the 1950s (Sparks et al., 1993). Resistance to organophosphorus 
(OP) insecticides in H.- virescens has been associated with reduced penetration, 
metabolic detoxication and reduced sensitivity of the target site (Szeicz et al., 1973; 
Whitten and Bull, 1978; Konno et al., 1989; 1990; Brown and Bryson, 1992; Kanga 
and Plapp, 1995). More recently, enhanced metabolic detoxication involving esterases 
(ESTs) has been shown to be a primary mechanism of resistance to methyl parathion- 
selected insects (Konno et al., 1989), and elevated EST activities toward a-NA appear 
to be associated with cross-resistance among carbamate, OP and pyrethroid insecticides 
(Goh et al., 1995; Zhao et al., 1996; Chapter 2). Further, frequencies of profenofos 
resistance were strongly correlated with EST activity toward a-N A  in twenty-one 
strains of both laboratory and field-collected larvae of H. virescens (Chapters 1 and 2).
The evolution, stability and spread of insecticide resistance in a population are 
affected by the number of genes controlling resistance and the degree of dominance of 
resistance alleles (Georghiou and Taylor, 1986; Roush and Daly, 1990). However, the 
inheritance of resistance differs depending upon the mechanism responsible and 
inheritance is not often studied within the context of the mechanism expressed. Whitten 
(1978) showed that resistance to methyl parathion in H. virescens appeared to be 
influenced by a single, major, autosomal gene of incomplete dominance that controls 
levels of the major enzyme systems involved in the detoxication of methyl parathion. In 
contrast, a later study indicates the role of sex linkage and additive gene action in the 
inheritance of methyl parathion resistance in this pest (Wolfenbarger et al., 1982). The
73
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differing results from these two studies most probably reflect expression of different 
resistance mechanisms in the two strains studied. For knowledge of inheritance to have 
practical application, both mode of inheritance and resistance mechanisms must be 
known.
In recent years, there has been a growing interest in understanding the genetic 
control of insecticide resistance in insect species (Bloch and Wool, 1994). The use of 
genetic or biochemical markers is helpful for inheritance studies, to distinguish the 
effects of minor genes involved in insecticide resistance (Roush and Daly, 1990). For 
example, the need for electrophoretic markers for insecticide resistance in H. virescens 
has been emphasized for inheritance studies (Heckel et al., 1988). Frequencies of 
profenofos resistance were strongly correlated with EST activities in several field and 
laboratory-selected strains, and the appearance of a EST band in both field and 
laboratory strains of H. virescens was associated with elevated EST activity (Chapters 1 
and 2). The objective of this study was to measure the inheritance of elevated EST 
activity toward a-NA and resistance to profenofos in H. virescens. In addition, the 
degree of dominance of resistance and sex linkage was determined.
Materials and Methods 
Chemicals: Technical grade profenofos (0-(4-bromo-2-chlorophenyI)-0-ethyl-S- 
propyl phosphorothioate: 89%; NOVARTIS, Greensboro, NC) and chlorpyrifos oxon 
(0,0-diethyl-0-(3,5,6-trichIoro-2-pyridinyl) phosphate: 100%; DowElanco Inc., 
Indianapolis, IN) were donated by respective manufacturers. Acrylamide, 
ethylenediaminetetraacetic acid (EDTA), tris(hydroxymethyl)aminomethane (Tris) were 
purchased from Gibco BRL, Grand Island, NY. N,N,N',N'-tetramethylethylene- 
diamine (TEMED), bis acrylamide, ammonium persulfate and Coomassie Brilliant Blue 
R-250 were obtained from Amresco (Solon, OH). Bovine serum albumin (fraction 5), 
Fast Blue RR salt, (3-naphthyl acetate ((i-NA) and a-naphthyl acetate (a-NA) were
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purchased from Sigma Chemical Company (St. Louis, MO). Fast Blue B salt and 
potassium chloride (KCl) were purchased from Aldrich Chemical Company 
(Milwaukee, WI).
Insect Strains: The laboratory, susceptible strain (LSU-S) was established from 
field collections from cotton in 1977 (Leonard et al., 1988) and has been reared in the 
laboratory without intentional exposure to insecticides. The resistant, laboratory strain 
(OPR97 PI) was originally established by selecting larvae from a field-collection made 
in 1995 from the Red River Research Station (Bossier City, LA) with profenofos (OPR; 
Chapter 1). Larvae from this strain (OPR97 PI) were selected and then reared without 
selection for two generations. The progeny (OPR97 F3) were further selected with 
profenofos (2.5 jig/larva), and progeny of the survivors were designated as OPR97 
F4S.
Larvae were reared in 1-oz cups containing a pinto bean-based semi-synthetic 
diet (Leonard et al., 1988). Adults were reared in 3.8 1 cardboard cartons covered with 
cotton gauze as a substrate for oviposition and provided with sucrose (10% in water) as 
a carbohydrate source. Both larvae and adults were maintained at 27°C. 70% relative 
humidity, and a 14:10 hr (lightidark) photoperiod. Larvae were separated following 
head capsule slippage at the end of the fourth stadium, and fifth stadium larvae (day I) 
were used for biochemical (n=30) and biological (n>30) assays.
Genetic Crosses: Mass reciprocal crosses were performed in 3.8 I cardboard cartons 
covered with cotton gauze (Figure 3.1). Pupae from LSU(S) and OPR97 F4S(R) were 
sexed and held separately until adult emergence, then an equal number of each sex (n > 
50) were introduced into adult containers and provided with sucrose (10% in water) as a 
carbohydrate source. Similarly, pupae from the reciprocal crosses were sexed and 
backcrossed (BC) with male or female OPR97 F4S adults.
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Reciprocal Crosses
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1
BackcrossSelf
OPR97F4S ( f  X LSU(S)P
1
Fl(RCf X S £)
Self Backcross
F 2 (S tfX R 9 )  BC(S (? X R jpU X  Rjp F 2 ( R C f X S p )  B C X R t f X S ^ X R t f
Figure 3.1. Crossing scheme for the study of inheritance of profenofos resistance.
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Biological Assay: Susceptibility of H. virescens to profenofos was measured in 
fifth stadium (day I) larvae following topical application of 1 p.1 of profenofos (in 
acetone) on the thoracic dorsum. The dose-mortality response of larvae was measured 
with at least 5 doses of profenofos (>10 larvae/dose ) and replicated thrice. Treated 
larvae were held in 1-oz cups with diet and maintained at 27°C, 70+5% relative 
humidity, and a photoperiod of 14:10 (Iightrdark) hr. Mortality was recorded 72 hr 
following topical application using absence of coordinated movement within 30 sec after 
being prodded with a pencil as the criterion. Data were analyzed by probit analysis 
(Finney, 1971) using a microcomputer-based program (SAS, 1985).
Tissue P reparation: Tissues homogenates from individual larvae were used as 
enzyme source for all biochemical assays. Individual larvae were weighed, decapitated, 
dissected and the digestive system was removed. The opened hemocoel was rinsed 
with ice-cold buffer (0.1 M sodium phosphate, pH 7.0) and fat bodies were obtained by 
gentle scraping and aspiration using a Pasteur pipette. Fat bodies were filtered using 
glass wool and homogenized in an all-glass homogenizer containing 2 0 0  p.1 of ice-cold
1.15% KC1 (containing a few crystals of phenyl thiourea). Homogenates were 
centrifuged at 1 2 ,0 0 0 g for 15 min and resulting supernatants were held in ice and used 
in enzyme assays within 30 min of preparation.
Biochemical Assays: Activity of ESTs towards a-NA was quantified using the 
assay of Gomori (1953) with modifications (van Asperen, 1961; Grant et al., 1989; 
Ibrahim and Ottea, 1995). Substrate solution was prepared by adding 600 p.1 of a-NA 
(0.113 M dissolved in 50% acetone) to a solution of Fast Blue B salt (18 mg in 30 ml of 
0 .1 M phosphate buffer, pH 7.0), and then filtered using Whatman #3 filter paper. 
Reaction mixtures in individual wells of a microtiter plate contained 240 pi of substrate 
solution (2.12 mM final concentration), and 10 pi of fat body homogenate (containing 
0.05 insect equivalent; 0.008±0.002 mg protein). Reaction mixtures were incubated at
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30°C. and the rate of change in absorbance during the initial 10 min was measured at 
595 nm using a Thermomax microplate reader (Molecular Devices. Palo Alto. CA). 
Data were corrected for non-enzymatic activity using incubations without protein as a 
control. Changes in OD were converted to nmol/min using an experimentally derived 
"extinction coefficient" (3.825 mM ' 1 250 |j.l~1) for the a-naphthol-Fast Blue B 
conjugate at 595 nm.
Native polyacrylamide gel electrophoresis (PAGE) was used to determine the 
EST banding pattern in individual larvae using a vertical electrophoresis unit (Hoefer 
Scientific Instruments, San Francisco, CA) and 5% acrylamide (Sambrook et al., 
1989). Protein concentration in individual fat body homogenates was adjusted to 
contain 30 jig protein in 40 pi and loaded onto the gel with 5 [ll of 6 X tracking dye 
(0.25% bromophenol blue and 40% sucrose w/v in water). Electrophoresis occurred in 
Tris-borate/EDTA buffer (100 mM Tris, 2.4 mM EDTA, and 100 mM boric acid, pH 
8.0) at a constant voltage (150 V) until the dye marker was within 1 cm of the gel base. 
After electrophoresis, gels were stained in darkness for 30 min at 25°C with 100 ml of 
0.1M sodium phosphate buffer containing 0.5 mM of a -  and (3- naphthyl acetates and 
0.2% Fast Blue RR salt. Gels were destained in distilled water and fixed in 5% acetic 
acid (modified from Gunning et al., 1996).
Sensitivity of AChE to inhibition by chlorpyrifos oxon was measured using 
larval head homogenates following the method of Ellman et al. (1961) with 
modifications (Moores et al., 1988; Byme and Devonshire, 1991; 1993; Ibrahim and 
Ottea, 1995). Profenofos was not used for these studies because it is an indirect 
inhibitor of AChE (Wing et al., 1983; Byme and Devonshire, 1993). Homogenates 
from individual heads (30 pi containing 0.12 tissue equivalent; 0.022±0.004 mg 
protein) were incubated for 10 min at 30°C in wells of a microplate containing 69 pi of 
sodium phosphate buffer (0.1 M, pH 8.0) and 1 pi of chlorpyrifos oxon (148.8 nM
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final concentration). The concentration of chlorpyrifos oxon used in these studies was 
the I9 0  for the LSU-S strain as determined in preliminary experiments (data not shown). 
Following preincubation, reactions were initiated by adding 200 p.1 of ATChl/DTNB 
(0.5 mM/0.05 mM, final concentration), and rate of change in OD at 405 nm at 30°C 
was recorded. Data were corrected for nonenzymatic activity using incubations without 
protein as the control and expressed as mOD min* 1 mg protein-1. Activities measured in 
the absence of chlorpyrifos oxon served as the control. In incubations with 
homogenates of LSU larvae and eserine sulfate, maximum inhibition of AChE activity 
(92.1%) was measured at 20 (iM and did not increase at higher concentrations, 
suggesting that the contribution of general esterases measured in these experiments was 
approximately 8 % of activity (data not shown). Percentage inhibition was calculated as 
1-(activity with inhibitor/activity without inhibitor) X 100.
Protein concentrations were measured by the method of Bradford (1976) with 
bovine serum albumin (fraction V; concentrations corrected for impurities) as the 
standard. Data were subjected to analysis of variance followed by Tukey's multiple 
comparison test (P=0.05) using a microcomputer-based program (SAS. 1985). For 
comparison between LD5 0 S, non-overlap of 95% confidence limits (CL) was used as 
the criterion for a statistically significant difference. The method of Stone (1968) was 
employed to determine the degree of dominance for monofactorial inheritance of 
resistance to profenofos. Linear regressions between enzyme activities and 
susceptibility to profenofos were estimated using the method of least squares
R esults
Significant differences in levels of resistance (based upon LD5 0  values) were 
observed among the FI and F2 progeny of both reciprocal crosses, as well as the 
progeny of the backcrosses (Table 3.1). The level of resistance in the progeny was 
dissimilar to that of either parents, and differed depending on the sex of the parental
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Table 3.1, Susceptibilities to profenofos of H.. virescens from parental strains and progenies of crosses1
Strain N LD 5o (95% CL ) 2 Slope ± SE Resistance
R atio 3 X2
Degree of 
Dom inance4
LSU(S) 392 0.73 (0.65 - 0.81 )u 3.72 ± 0.32 - 3.34 -
OPR97 F4S(R) 213 22.78 (18.83 - 27.45)e 2.46 ± 0.03 31.2 3.42 -
f i( s c T x r 9 ) 161 3.96 (3.28 - 4.76)c 3.15 ± 0.39 5.42 3.13 0.89
F2(S(?XR$) 180 2.31 (1.85 - 2.93)b 2.18 ± 0.30 3.16 0.69 -
F1(R(?XS§) 180 7.90 (4.83 - 13.12)‘‘ 3.08 ± 0.58 1 0 . 8 1 0 . 1 1 0.54
F2(R(?XS^) 180 2.98 (2.39 - 3.88)bc 2.20 ± 0.30 4.08 6.19 -
BC(S(?XR?)(?XR$ 150 6.22 (4.92 - 8.17)cd 2.27 ± 0.35 8.52 5.83 -
BC(R(?X S$)$X Rd 150 4.29 (3.34 - 6.00)cd 2.11 ±0.36 5.86 1.14 -
•Susceptibility was measured 72 hr following topical application of 1 pi of acetone containing profenofos in 
fifth stadium (day 1) larvae.
2Expressed as pg/larva; values followed by the same letters are not statistically significant.
Resistance ratio=LD5o of resistant slrain/LDso of LSU.
4Degree of dominance determined based on Slone (1968).
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strains. Resistance was 2-fold greater in FI progeny of the cross Ru XS ?■ than 
progeny of the reciprocal (S<^X R ^  )cross. Levels of resistance decreased 
significantly and were similar in the F2 generation of both reciprocal crosses. An 
increase in levels of resistance was measured in both of the backcross progenies. 
However, the difference in LD5 0 S between backcross progenies was not statistically 
significant.
Although slopes of the log dose-probit relationships were similar between FI 
progeny of the reciprocal crosses, a significantly higher j }  value for the R (f X S ?• 
cross reflected heterogeneity in these insects and suggests that resistance is polygenic 
(Figure 3.2). Based upon calculations for the degree of dominance (0.89 and 0.54 for 
S ( ? X R ?  and R $  X S ¥• , respectively) using the LD5 0  values of the parents and FI 
progenies of reciprocal crosses, resistance appeared to be incompletely dominant in both 
the crosses. The log dose-probit line for the backcross BC ( S ( ? X R ?  )(? X R ?  
forms a distinct plateau indicating segregation at a 1:1 (RS:RR) ratio.
There were no significant differences in mean EST activity between FI progeny 
from either of the reciprocal crosses and LSU larvae (Table 3.2). The degree of 
dominance determined using log mean EST activity of the parents and FI progenies of 
the reciprocal crosses (-0.54 and -0.36 for S f t  X R $■ and R ( ? X  S ?  , respectively) 
suggested that like resistance, EST activity was inherited in incompletely recessive 
fashion. However, differences in EST activity between FI and F2 progeny from 
reciprocal crosses were measured. In F2 progeny of the R l ? X  S ?  cross, EST 
activity was higher than that of the F2 progeny from the reciprocal cross S ( ? X R ?  . 
Finally, in BC(R(?X  S ?  X R ?  larvae, mean EST activity was not significantly 
different from that of the FI or resistant parent. Although frequency profiles of EST 
activity for the FI progeny of both reciprocal crosses were almost identical to that of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 3.2. Levels of enzyme activities and sensitivity to inhibition by 
chlorpyrifos oxon in parental strains and progenies of reciprocal and 
backcrosses of H. v irescens1
Strain EST Frequency AChE Percent
(SD)* of EST-A'3 (SD)4 Inhibition
of AChE
(SD)5
LSU(S) 71.60d 0 . 0 0 0.25a 89.76b
(38.05) (0.05) (2.72)
OPR97 F4S(R) 163.30a 1 . 0 0 0 . l 2 d 87.38b
(49.50) (0.05) (5.83)
F 1 (SCTXR9 ) 86.37cd 0.53 0 . 1  ld 81.84a
(76.10) (0.03) (6.25)
FK StfX R^) 73.09cd 0 . 6 6 0.19b 86.35b
(44.69) (0.08) (4.93)
F l(R 0 XSg) 93.80^ 
(74.61)
0.30 0.13cd 
(0.06)
87.36b
(5.83)
F2 (RtfxS(j>) 1116.14bc 
(58.51)
0 . 2 0 0 .2 0 ab
(0.08)
89.4b
(4.43)
BC(R(?XS<2)9XR(3 141.18ab 
(43.20)
0 . 6 6 0.17bc 
(0.06)
89.68b
(13.65)
1 Values measured in individual assays of larvae (n=30) from FI progenies of 
reciprocal and backcrosses of H. virescens. Values with same letter do not 
differ significantly.
^Mean EST activities (±SD) expressed as nanomoles of a-naphthol formed 
min* 1 mg protein-1.
3 Frequency of individuals expressing resistance-associated EST band A'
4Mean AChE activities (±SD) toward ATChI expressed as mOD min-1 mg 
protein-1.
5Mean percent inhibition of AChE (±SD) measured following 
preincubation with chlorpyrifos oxon.
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susceptible parent, the ratio of RR:SS was 1:4 in Fl(R(^ X S ¥• ) compared to 1:9 in 
F 1CS f t  XR ?■ ) (Figure 3.4). Further, the frequencies of EST activity in F2 progeny 
of the reciprocal cross, R ( ^ X S ?  segregated approximately at 50:50 (RR:SS) (Figure 
3.5), further indicating incompletely recessive inheritance for EST activity. In addition, 
the backcross progeny of BC(R f t  X S ¥■ ) X R ( f  segregated into 2:1 (RR:SS) also 
suggesting sex linkage for EST activity.
Quantitative and qualitative variation was observed in the expression of the A' 
band (Rm=0.65) between FI and F2 progeny of the reciprocal crosses (Table 3.2). 
This band was expressed in 53% of the individuals in F1(S ft  X R ?• , but in only 30% 
of F1(R d ' x S ?  ) larvae. Similarly, a higher proportion (6 6 %) of F2(S (?X  R ?  ) 
expressed this band than F2(R f t  X S ?  ) (20%). Finally, in the backcross, 
BC(R f t  X S $ -  ) X R ( ?  more than 6 6  % of the individuals expressed this band.
Mean levels of sensitivity of AChE to chlorpyrifos oxon (expressed as mean 
percent inhibition of AChE) were statistically similar among the parental, FI and F2 
progeny of reciprocal crosses and backcross, except that of F1(S f t  X R ?• ) (Table 
3.2). However, variation in sensitivity of AChE between FI and backcross progenies 
was apparent from frequency histograms (Figures 3.6 and 3.7). Bimodal distributions 
of frequencies were observed in the FI progenies of both reciprocal crosses with 
approximately 50% similarity in sensitivity with the susceptible parent. In addition, 
frequencies in the F2 generation of the reciprocal crosses and the FI generation of the 
backcross, BC(R f t  X S %  ) ?• X R f t  , were almost identical to that of the susceptible 
parent.
Significant differences were observed in AChE activities among the parental, 
FI, and F2 progenies of reciprocal crosses and backcrosses (Table 3.2). Mean levels 
of AChE activities significantly increased from FI to the F2 generations of the 
reciprocal crosses.
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Figure 3.4. Frequency distribution of EST activity (expressed as a-naphthol formed m in '1 nig
protein*1) from the fat body homogenates of individual fifth stadium (day 1) larvae from parental 
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head homogenates from individual fifth stadium (day 1) larvae with chlorpyrifos oxon in 
parental strains and FI progenies of reciprocal crosses of H. virescens.
oooo
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
0.5
0.4
I  °-3a>
3
O'a>
u
*  0.2
0.1
0.0
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homogenates from individual fifth stadium (day 1) larvae with chlorpyrifos oxon in F2 progeny 
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There were no significant differences in mean AChE activities between FI progeny of 
either of the reciprocal crosses and the resistant parent. Similarly, there was no 
significant difference between the AChE activity of the F2 progeny of either of the 
reciprocal crosses. Finally, AChE activities measured in the backcross were 
intermediate relative to both resistant and susceptible parents.
Whereas the mean AChE activities were similar in FI progeny of reciprocal 
crosses, the frequency profiles for AChE activity showed a ratio of 9:1 and 1:1 (RR:SS) 
in the F1(S ( ? X R ^  ) and Fi(R  $  X S ?■ ) strains, respectively, which also suggests 
sex linkage (Figure 3.8). Similarly, ratios of 2:3 and 3:7 (RR:SS) also were observed 
in F2(S < ? X R ^  ) and F2(R ( ? X S ?  ) strains (Figure 3.9). Finally, the proportion 
of resistant individuals in the backcross, BC(R ( ? X S ?  ) ?  X R c f  was similar to 
that of F1(R $  XSQ-  ) at a ratio of 1:1 (RR:SS).
D iscussion
The inheritance of biochemical and physiological resistance mechanisms is 
complex and not well studied. Results from this study suggest that the inheritance of 
profenofos resistance is sex-linked. The level of resistance measured in the progeny of 
the reciprocal cross, F1(R (? X S ¥• )was significantly higher than that of F1(S & X R 
?• ). In addition, qualitative and quantitative variation in EST activity also was 
observed among the parental, FI and F2 generations of the reciprocal crosses. In 
addition, EST activity in the backcross progeny of BC(R (?X  S ?  ) X R (f was 2: 1 
(RR:SS) suggesting sex linkage. A corresponding proportion (6 6 %) of the individuals 
from these strains also expressed the A' band.
Variation also was measured in AChE activity of the progeny of the reciprocal 
crosses. A ratio of 9:1 and 1:1 (RR:SS) was measured for AChE activity in F1(S $  X 
R ?• ) and F1(R $  X S £  )strains, respectively, which provides further evidence that 
resistance is sex linked. The role of sex-Iinkage and additive gene action has been
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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reported earlier in H.. virescens with reference to methyl parathion resistance 
(Wolfenbarger et al.. 1982). In contrast, an earlier study on the inheritance of methyl 
parathion resistance in this pest suggests that resistance is inherited by a single, major, 
autosomal gene of incomplete dominance (Whitten, 1978). However, the contribution 
of underlying resistance mechanisms was not assessed in this previous study. 
Although linkage of sex with insecticide resistance due to insensitive AChE has been 
suggested in H. virescens. no information is available regarding the mechanisms 
responsible for resistance (Heckel et al., 1997). However, sex-linked insecticide 
resistance has documented in a few cases such as the hom fly, Haemotobia irritans (L.) 
(McDonald and Schmidt, 1987), the house fly, Musca domestica L. (Kerr. 1961) and 
the Colorado potato beetle, Leptinotarsa decemlineata (Argentine et al., 1989). In 
contrast, a sex linked factor is unlikely to be involved as the major resistance gene, as 
this would require distortion of the sex ratio towards an excess of males to the explain 
this result (Peiris and Hemingway, 1993). Sex ratio was not measured in the present 
study.
Results from this study also suggest that resistance is polygenic in this pest. 
Qualitative and quantitative variation in the expression of both biochemical and 
physiological resistance mechanism contribute to the varying levels of resistance 
(Wolfenbarger, 1996).
The hypothesis that resistance is controlled by a single factor is based upon the 
assumption that the parental cultures were homozygous for that factor. The resistant 
strain used for this study expressed quantitatively and qualitatively higher EST activity. 
In addition, reduced sensitivity of AChE also was expressed. Therefore, the offspring 
also expressed both metabolic and target site resistance. The degree of dominance 
based on the LD5 0  values of the parents and FI progenies of reciprocal crosses 
suggested an incompletely dominant mode of inheritance. However, EST activity and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
94
the appearance of the A’ band in electrophoretic gels were inherited in incompletely 
recessive fashion. This also suggests that there is an additional factor in addition to 
EST activity that contributes to profenofos resistance in the strains studied.
In conclusion, profenofos resistance in H. virescens is sex linked and inherited 
in incompletely dominant fashion. However, EST activity appear to be inherited in a 
incompletely recessive fashion. Finally, profenofos resistance appears to polygenic in 
this pest.
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SUMMARY AND CONCLUSIONS
Early detection of biochemical and physiological mechanisms underlying 
resistance is essential for effective management of field populations of the tobacco 
budworm, Heliothis virescens (F.). In this study, the utility of non-insecticide (model) 
substrates for detoxifying enzymes was evaluated as markers of metabolic resistance in 
laboratory and field populations of H. virescens. In addition, a colorimetric assay was 
used to evaluate the role of reduced target site sensitivity to resistance in these insects. 
Secondly, the utility of microplate and electrophoretic assays for detecting and 
monitoring profenofos resistance in H. virescens was assessed. Finally, the inheritance 
of elevated esterase (EST) activity toward a-naphthyl acetate (a-NA) and profenofos 
resistance in H. virescens was studied.
Resistance to profenofos and activities of enzymes associated with metabolism 
of organophosphorus (OP) insecticides were measured in larvae of H. virescens that 
were field-collected from Louisiana during the 1995 cotton growing season. Frequency 
of resistance to profenofos in field-collected strains was assessed 72 hr following 
topical application of a diagnostic dose (15.3 (ig profenofos/larva). Frequencies of 
resistance were compared with activities of metabolic enzymes such as P450 
monooxygenases (P450-MO) toward p-nitroanisole (PNA), glutathione 5-transferases 
(GST) toward two substrates viz., l-chloro-2,4-dinitrobenzene (CDNB) and 1,2- 
dichloro-4-nitrobenzene (DCNB) and EST toward a-NA. Finally, the sensitivity of the 
target site, acetylcholinesterase (AChE), to inhibition by chlorpyrifos oxon also was 
measured in individual head homogenates.
High frequencies of profenofos resistance were measured in all field-collected 
larvae. In bioassays using the diagnostic dose bioassay with field collected strains, 
frequencies of resistance ranged from 93.3% (RR Aug PI strain) to 43.3% (MRS Sep 
F3 strain). An intermediate frequency (36.7) was measured in the laboratory-selected
97
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OPR strain. Resistance frequencies decreased in ail field-collected strains in the absence 
of insecticide selection.
Enzyme activities were higher in resistant than susceptible larvae, but many 
were not correlated with profenofos resistance. Larvae from all field-collected strains 
expressed significantly higher activities of P450-M0 than the LSU-S larvae, but 
activities were not correlated with the frequencies of profenofos resistance. Similarly, 
levels of GST activity toward DCNB were higher in all field-collected larvae than the 
LSU-S larvae, but were not correlated with profenofos susceptibility. Activities of 
GST toward CDNB in field-collected larvae were significantly higher than that of the 
LSU-S larvae and were moderately correlated with susceptibility to profenofos 
(r2 =0.55); however this correlation was higher in larvae from collections made at the 
Macon Ridge Research Station (MRS) (r2 =0.75) than those from Red River Research 
Station site (RR) (r2=0.23). Finally, significantly higher EST activities were measured 
in all field-collected larvae than those measured in LSU-S larvae, and activities were 
strongly correlated with frequencies of profenofos resistance in analyses with all strains 
(r2=0.96) and individual sites of collection (r^O.98 and 0.99 for MRS and RR strains, 
respectively). Thus, high levels of EST activity were associated with resistance to 
profenofos in field-collected insects.
Reduced sensitivity of AChE to inhibition by OPs also was associated with 
resistance. Mean levels of AChE inhibition by chlorpyrifos oxon in larvae from field- 
collected strains were not significantly different from LSU-S except for RR Aug PI. 
Inhibition of AChE and profenofos susceptibility were poorly correlated in analyses 
with all strains (r2=0.08) and MRS strains (r2=0.09), but were moderate for strains 
originating from the RR location.
Studies with laboratory-selected insects provided further evidence for the 
involvement of EST and AChE insensitivity in OP resistance. Significantly higher
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levels of resistance were measured in laboratory-resistant strains than that of the 
susceptible LSU strain. The highest level of resistance to profenofos (31-fold relative 
to LSU) was expressed in profenofos-selected (OPR97 PI) larvae (LD5 o=2 2 . 8  
fig/larva). In the absence of selection with profenofos for 3 generations (OPR97 F3), 
the level of resistance decreased significantly to 2.4-fold (LD5 o=8 . 6  (ig/larva). The 
level of resistance increased significantly to 22-fold (LDso=16 |ig/larva) following 
selection of OPR97 F3 larvae with profenofos. In assays with a discriminating dose, 
high frequencies of resistance to profenofos were measured in larvae from the field- 
collected and laboratory-selected strains, and both levels (i.e., LD5 0 S) and frequencies 
of resistance to profenofos were highly correlated (r2=0.98).
Activities of ESTs measured in larvae of both laboratory and field-collected 
larvae were higher than that in the susceptible LSU strain. Mean EST activities 
decreased in the absence of selection, but increased significantly (1.8-fold) in OPR97 
F4S following selection with profenofos. Larvae from two field strains, MRS Jun97 
(from the Macon Ridge site) and By Mac97 (from Bayou Macon, LA) also expressed 
significantly higher levels of EST activity than LSU larvae.
In addition to increased EST activity, a unique EST appears to be associated 
with profenofos resistance. Quantitative and qualitative variation was observed in 
banding patterns of ESTs to a -  and (3- naphthyl acetates in electrophoretic gels with fat 
body homogenates from individual larvae. Staining of ESTs was more intense with 
resistant larvae that those from the susceptible strain. In addition, a band A' was 
expressed in 100% of the individuals examined from OPR97 F4S larvae, but in none of 
the LSU individuals examined. The appearance of this band in OPR97 F4S larvae 
coincided with the decreased expression of a second band (A). This pattern of 
overexpression of A' and underexpression of A also was observed in gels with field- 
collected larvae from MRS Jun97 (67%) and By Mac97 (87%). These data suggest that
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microplate and electrophoretic assays can be utilized as complementary tools for 
detection and monitoring of profenofos resistance in H. virescens.
Variation was observed between susceptible (LSU) and resistant strains (OPR97 
F4S) in a "squash assay” using individual, second stadium larvae. Overlapping 
intensity of color was observed in about 1 0 % of the individuals from susceptible and 
resistant strains. However, the violet stain developed was more intense with the 
resistant larvae than that of the susceptible larvae.
Insensitive AChE and decreased AChE activity was observed in laboratory- 
selected insects and larvae collected from cotton fields in 1997. Larvae from OPR97 PI 
expressed the lowest level of sensitivity of AChE (69%), which decreased significantly 
in the absence of selection with profenofos. Heterogeneity in AChE sensitivity 
expressed in this strain could be seen in both lower activity of AChE as well as reduced 
sensitivity to inhibition by chlorpyrifos oxon. In field-collected insects, 38 and 87% of 
individuals from MRS Jun97 and By Mac97, respectively, expressed lower AChE 
activity. In addition, 80 and 30% of individuals from MRS Jun97 and By Mac97. 
respectively, expressed lower percent inhibition of AChE than that of LSU larvae.
Inheritance studies suggest that resistance is polygenic and sex-linked in the 
laboratory resistant strains. Significant differences were measured in levels of 
resistance among the FI and F2 progeny of both reciprocal crosses as well as the 
progeny of the backcross. Resistance was significantly greater (2-fold) in FI progeny 
of the cross, R $  XS ?• than progeny of the reciprocal cross S t ^ X R ?  suggesting 
that resistance was linked. In addidon, the backcross progeny of BC[(R $  XS ?• ) X 
RC  ^] segregated into 2:1 (RR:SS), which suggests that EST acdvity is sex-lined as 
well. Significantly higher x2  value for the R $  X S ?• cross than that of the S $  X 
R ?• cross reflected heterogeneity in these insects and suggested that resistance was 
polygenic. The degree of dominance calculated (0.89 and 0.54 for S & X R % and
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Ru X S ?• , respectively) using the LD5 0  values of the parents and FI progenies of 
reciprocal crosses indicated that resistance appeared to be incompletely dominant in both 
the crosses. However, the degree of dominance determined using log mean EST 
activity of the parents and FI progenies of the reciprocal crosses (-0.54 and -0.36 for 
S ( ? X R ?  and R ^ X S ? -  , respectively) suggested that EST activity was inherited in 
incompletely recessive fashion. Finally, quantitative and qualitative variation was 
observed in the expression of the A' band between FI and F2 progeny of the reciprocal 
crosses.
Mean levels of sensitivity of AChE to chlorpyrifos oxon (expressed as mean 
percent inhibition of AChE following preincubation with chlorpyrifos oxon) were 
statistically similar among the parental, FI, and F2 progeny of reciprocal crosses and 
backcross except that of F1(S ( ? X R ?  ). However, variation in sensitivity of AChE 
was apparent in frequency histograms. Significant differences were observed in AChE 
activities (expressed as mOD min* 1 mg protein*1) among the parental, FI, F2 progenies 
of reciprocal crosses and backcrosses. Whereas the mean AChE activities were similar 
in FI progeny of reciprocal crosses, the frequency profiles for AChE activity showed a 
ratio of 9:1 and 1:1 (RR:SS) in the FI progeny [F1(S(^X R ^  ) and Fl(RC^ X 
S )], respectively), which also suggested sex linkage
Results from these studies suggest that profenofos resistance in H. virescens is 
multifactorial involving both metabolic and target site mechanisms. Microplate and 
electrophoretic assays for EST activity can be utilized as complementary tools in 
detection and monitoring of profenofos resistance in field populations H. virescens. 
Elevated EST activity and electrophoretic patterns in resistant H. virescens form the 
basis for a preliminary version of a "squash assay" which has potential utility in the 
field to assess the contributions of hydrolytic mechanisms to resistance in this pest.
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